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Abstract
Anthropogenic landuse, principally agriculture, has been shown to result in increased dust
emissions from susceptible environments in a number of discrete studies. However, until
now, there has been no broad-scale assessment of changes in dust emissions associated
with human activity. Earth’s surface has undergone a vast transition associated with the
conversion of wildlands to agricultural landscapes. This included development of semiarid and arid landscapes, which are highly sensitive to wind erosion, for agriculture. Much
of this change occurred in the period between the late 19th and mid-20th Centuries.
Therefore, they occurred prior to the beginning of scientific investigation of Earth systems
and widespread environmental concern. As a result, empirically quantifying changes to
dust emissions is problematic due to a lack of data from this time period, and consequently,
the impact of these changes has been underappreciated. However, sedimentary archives,
such as ice cores, which record dust flux both before and following widespread landuse
change, allow the magnitude of anthropogenic dust emissions to be estimated. In this thesis
a global compilation of data from sedimentary archives is presented, that allows an
assessment of the change in dust emissions driven by human activity. Results show that
globally dust emissions increased by a factor of 2.1 times after the Industrial Revolution
(1750 CE). This change coincides with the development of ‘industrial agriculture’ and the
colonisation and development of new regions, e.g. Australia. Increases in anthropogenic
dust are also shown by data compiled from other study types, such as remote sensing,
airborne sediment sampling and meteorological station data. These additional studies,
which don’t predate the onset of industrial agriculture, and are more likely to be distorted
by short term climate variability, suggest human activity has increased dust emissions by
1.3 to 45 times. Despite the uncertainties in these records and the limited number and
spatial availably of sedimentary archive studies (n=25), in combination they nevertheless
imply that at least a doubling in dust emissions has occurred during the past ~250 years.
The loss of soil associated with this change presents a serious challenge to soil security,
while the increased dust load in the atmosphere is likely to have had a recognisable impact
on biogeochemical cycles and climate. Consequently, the impact of changes both to, and
from, global dust emissions warrants further investigation.
Globally there is still a paucity of records which record changing rates of dust output
through time, necessitating the extraction and analysis of new sedimentary archives in
regions that have poor data coverage. This thesis presents two such new records to help
address a spatial gap in dust flux data in South America. These new cores were retrieved
iii

from each of the continents two major dust source regions, the Puna-Altiplano and
Patagonia. Each region is affected by distinct climatic conditions and unique landuse
histories allowing for them to be considered independently, while also providing important
comparisons vis a vis the role of anthropogenic disturbance. Dust and volcanic deposition
in the cores are reconstructed based on loss on ignition and high resolution major and trace
element data produced by ICP-MS and ITRAX core scanner, while core chronology is
based on

14

C AMS,

210

Pb and calibrated using

239+240

Pu and

236

U chronostratigraphic

markers. In addition biological proxies, leaf wax n-alkanes and pollen abundance are
presented for the Puna-Altiplano core. Overall the presented cores demonstrate that dust
emissions in both regions have varied significantly over the last ~4000 years seemingly in
response to climate variability, however in both cases the cores record an unprecedented
increase in dust flux, in the last 400 years in the Puna-Altiplano, and last 200 years in Tierra
del Fuego. The timing of these increases match recorded land use histories and suggest a
predominant role of human disturbance. In combination these records support the findings
of the global data synthesis, which indicate human activity has had a pronounced impact
on dust emissions across all major dust source areas following the development of
industrial agriculture. In addition, these two new records fill a significant spatial gap, and
as such provide new data of paleo-environmental change, dust flux and human impacts in
South America.
The impact of dust on Earth’s biogeochemical processes is also considered. Dust is a major
source of nutrients to remote ocean environments, influencing primary productivity (PP).
Enhanced oceanic PP causes drawdown of atmospheric CO2 and is considered likely to be
a driver of climate variability on glacial-interglacial timeframes. However, the scale of this
relationship and its operation over shorter timescales remains uncertain, while it is unclear
whether dust fertilisation, or other mechanisms, e.g. nutrient upwelling, are the primary
driver of PP in high-nutrient low-chlorophyll (HNLC) ocean regions. In this thesis, it is
demonstrated, using dust derived Fe and Methanesulfonic acid (a measure of ocean PP)
deposition in ice cores from the South Atlantic (South Georgia Island) and North Pacific
(Yukon), that PP is well correlated with Dust-Fe on both an event and annual scale.
However, measuring the relationship between (dust) Fe fertilization and PP in high
resolution ice cores is subject to a number of highly complex factors, which are discussed
and together used to recommend future research directions. In conclusion, this research
suggests that changes in aeolian Fe flux, due to climate change and human activity in dust
source regions, could have significant implications for HNLC ocean PP and, therefore
potentially, carbon sequestration.
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Chapter 1
Introduction
Aeolian dust plays an important role in the Earth’s biogeochemical cycles, climate and ability to
support life, through processes including the transport of nutrients (Bristow et al., 2010; Jaccard
et al., 2013), alteration of the Earth’s radiation budget and rainfall (Arimoto, 2001), air pollution
(Kashima et al., 2016), and even its carbon budget over millennial time scales (Charlson et al.,
1987; Martin, 1990). Dust emissions have however been shown to be highly sensitive to
landscape change, such as sediment supply and the degree of aridity (e.g. Marx et al., 2018),
implying that the impact of dust emissions on biogeochemical cycles is variable through time
and space. For example, over glacial-interglacial time frames dust flux is known to have varied
by up to a factor of 50 in some regions (e.g. Lambert et al., 2008). This is due to increases in the
availability of wind-erodible sediments during Glacials, for example through lower sea-levels and
the development of extensive glaciogenic sediment outwash plains (Bullard et al., 2016), and
through changing climate regimes, such as greater regional aridity and the intensification and/or
latitudinal movement of wind belts (Marx et al., 2009; Vanneste et al., 2015). In modern times
the potential impacts of dust are perhaps best understood through the dust bowl episodes that
affected both North and South America and Australia in the mid-20th Century, resulting in
widespread destruction of farmland and property, and dust storms affecting regions thousands
of kilometres away (Cattle, 2016; Cook et al., 2009; Viglizzo and Frank, 2006). These episodes
demonstrated the variability of dust emissions on inter-annual scales, and the effect that
environmental and climatic changes can have on wind erosion and consequently dust emissions.
Furthermore, these events illustrated the potential role of agriculture in predisposing sediment
to erosion; the investigation of which is the key aim of this research.
1.1

The importance of dust for biogeochemical cycles

Dust emissions may result in alterations to the earth’s biogeochemical cycles via interactions
with atmospheric, oceanic and terrestrial processes (Fig. 1). Once entrained in the atmosphere,
dust directly influences climate by scattering and absorption of solar and infrared radiation
(Arimoto, 2001; Sokolik and Toon, 1996), and indirectly by acting as cloud condensation nuclei,
affecting both precipitation and the thermal structure of the atmosphere (Spracklen et al., 2008;
Tao et al., 2012). Upon deposition, dust changes surface albedo, darkening snow and ice surfaces
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and leading to surface warming (Aoki et al., 2006; Painter et al., 2007). It has been posited that
large changes in dust flux may be one of the primary factors reinforcing glacial cycles through
related twin mechanisms known as the “Iron Hypothesis” (Martin, 1990) and the “CLAW
Hypothesis” (Charlson et al., 1987). Briefly, the Iron Hypothesis posits that an increase in the
amount of Fe reaching remote High-Nutrient Low-Chlorophyll (iron limited) ocean regions
through greater dust deposition, would result in a rise Primary Productivity (PP) and
subsequently the removal of CO2 from the atmosphere and sequestration to the deep ocean by
stimulating the biological C pump. This process is estimated to have been responsible for
between 10 – 50% of the reduction in atmospheric CO2 during the last glacial (Hain et al., 2010;
Kohfeld and Ridgwell, 2009).

Figure 1. A schematic diagram illustrating the impact of dust on Earth's biogeochemical
processes. Dust influences atmospheric heating and cooling through its effect on radiation
exchanges, both directly (1) and by influencing cloud development, i.e. acting as condensation
nuclei (2). It therefore also impacts precipitation (3). Dust can also impact on climate –
environment interactions following deposition on ice sheets and glaciers, lowering albedo and
augmenting melt (4). Nutrients transported as a component of dust fertilise both marine (5) and
terrestrial (6) ecosystems, and contribute to soil formation. The role of dust in marine fertilisation
is of most significance in High Nutrient Low Chlorophyll (HNLC) regions of the ocean. Through
these processes dust may also have an indirect impact on the biological C pump (7).
The CLAW hypothesis states that an increase in PP results in greater emissions of biogenic sulfur
compounds such as Dimethyl-sulfide (DMS), which along with dust may act as Cloud
Condensation Nuclei (CCN). As such, this process provides an additional component by which
increased dust flux may result in a reduction in atmospheric temperatures. Consequently, it is
thought that changes in the magnitude of global dust flux, especially in regions upwind of High2

Nutrient Low-Chlorophyll (HNLC) ocean areas, may play an important role in regulating the
climate (Jickells et al., 2005).
In addition to the aforementioned fertilisation of Fe-limited oceans, aeolian input to terrestrial
environments also provides an important regular source of nutrients for crops, native plants and
bacteria (Warren, 2007), and over longer timescales can have a significant contribution to soil
formation (e.g. Inoue et al., 1987; Mizota et al., 1991). This may further act to enhance the
indirect climatic effect that dust has through influencing CO2 drawdown by stimulating
vegetation growth and primary productivity (Bristow et al., 2010; Jickells and Moore, 2015).
Aeolian dust is also a frequent source of air pollution in many regions, lowering air quality (Bell
et al., 2008) and reducing visibility (Guo et al., 2010; Hall, 1981). Dust has been reported to have
negative impacts on water systems, clogging and damaging reservoirs and stream channels, and
lowering water clarity (Nordstrom and Hotta, 2004), and the deposition of dust enriched in heavy
metals can be harmful to ecosystem health (Graney et al., 2004; Holmes and Miller, 2004). The
adverse impacts to public health from dust aerosols have been well described (Kashima et al.,
2016; Kwon et al., 2002), and include skin and eye irritations, respiratory problems, an increased
risk of heart disease, and a greater risk of skin and lung cancer (Bell et al., 2008; Micklin, 2007).
Dust has also been found to act as a pathway for the transport of fungal spores and pathogens
across large distances (Chao et al., 2012; Kellogg and Griffin, 2006; Shinn et al., 2003).
1.2

The drivers of dust emissions and variability in dust emissions through time

Following elevated dust fluxes during the last glacial, average global dust emissions are thought
to have been lower and comparatively constant during the Holocene, varying by 17% between
2000 – 10,000 years BP, with the minima occurring in the mid-Holocene (c. 6 – 8 ka BP) (Albani
et al., 2015). This likely reflects the relatively stable climatic conditions during this epoch
(Wanner et al., 2008). However, trends in dust flux differ across geographic regions, reflecting
the different climatic and environmental changes that have affected the World’s major dust
source regions (Albani et al., 2015).
Although uncertainty exists about the relative importance of different dust source regions
throughout the Holocene, North Africa is generally recognised as the world’s most active dust
source during this period (Albani et al., 2015; Ginoux et al., 2012). Other globally significant arid
dust source regions can be found in the Middle East, Central and East Asia, North and South
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America, South Africa and Australia (Fig. 2; Mahowald et al., 2010; Marx et al., 2018).

Figure 2. A map of the major global dust sources and their associated transport trajectories, from
TOMS AAI frequency data. Dark brown=high frequency of dust events (21–31 days/year), light
brown=moderate frequency (7–21 days/year) (Marx el al., 2018; modified after; Muhs, 2013;
Prospero et al., 2002).
Although broad spatial areas in largely arid or semi-arid regions (>1000 km3) are often
considered as constituting potential dust sources, studies have found that localised point
sources are responsible for a majority of dust emissions from the arid environments often
classified as natural dust source regions (Bullard et al., 2008, 2011). Broad-scale wind erosion
affecting entire landscapes occurs rarely, and often as a result of extensive environmental
change, either due to natural (e.g. glacial-interglacial) or anthropogenic processes (e.g. Cattle,
2016; Sugden et al., 2009). The effects of changing climatic conditions on aeolian processes have
been described by Kocurek (1998). Although that model was originally developed for sand
transport over long time periods, it is however equally applicable on shorter time periods and
when applied to dust transport. It essentially describes dust flux in terms of the interplay of
temporal controls on sediment production, sediment availability and transport capacity (Bullard
et al., 2011). According to this theoretical framework, wetter climate phases remove the
limitation on sediment production and recharge, but aeolian transport is limited by moisture
availability, while a transition to more arid conditions results in greater sediment availability via
reduced soil moisture and vegetation cover. Transport capacity is predominantly limited by
windiness, with higher wind energy resulting in greater dust entrainment (Fig. 3). In reality,
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climate – environment interactions occur over time and space resulting in more complex
controls on dust emissions across a given landscape (Fig. 4).

Figure 3 Conceptual model displaying the dust flux response to climatic and environmental
factors over time. As the climate varies between humid and arid phases (a) more precipitation
results in greater sediment production, which subsequently becomes more available for wind
erosion in an arid environment (b). Increasing windiness results in a higher dust transport
capacity (c), and these factors combine to control dust flux (d) (modified after Kocurek, 1998).
The expansion of human land use and intensification of anthropogenic disturbance during the
latter part of the Holocene has resulted in further complexity, increasing the susceptibility of
landscapes to erosion via a transition to a more degraded state (e.g. Chartier and Rostagno,
2006). In addition to the removal of vegetation and surface disturbance from activities such as
ploughing and grazing (Belnap et al., 2009; Buschiazzo et al., 2007; Nordstrom and Hotta, 2004;
Viglizzo and Frank, 2006), the alteration of water bodies (e.g. via the creation of dams and
irrigations systems) has also been shown to impact on dust emissions (Abuduwaili et al., 2008;
Gill, 1996; Goudie and Middleton, 1992; Micklin, 2016; Reheis, 1997).
1.3

Human impacts on the dust system

Very few studies have directly investigated the impact of human activity on dust emissions on a
broad scale. Human land use has expanded from affecting just 5% of terrestrial landscapes in
1700 to more than 55% today, with the majority of this land converted for agricultural use (Ellis
et al., 2010). Recent research suggests that the intensification of human activities and land use
modification have resulted in a significant increase in dust flux in certain regions of the globe (e.g.
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Marx et al., 2014; Neff et al., 2008). However, the exact anthropogenic contribution to dust flux
and its change over time remains poorly constrained (Mahowald et al., 2010; Tegen and Fung,
1995). Understanding and quantifying the role of human disturbance in dust production, both
historically and today, is critical to building accurate climate models, maintaining and protecting
adequate soil depth and fertility, and for accounting for nutrient/toxin inputs to dust recipient
ecosystems. Yet globally there is still a paucity of paleo-archives which record changing rates of
dust output through time, and this limits our ability to understand how anthropogenic activity
has affected dust in different environments vis a vis natural variability in dust emissions
throughout the Holocene. Nonetheless, a growing number of datasets (e.g. ice cores whose
primary purpose is compiling δO18 records) are being created which record dust deposition
through time, and these may be compiled alongside records which explicitly investigate the
human impact on dust flux to better understand trends in dust flux during the Anthropocene.

Figure 4. Climatic and Environmental controls on dust emission and deposition. Sediment
availability may be affected by hydroclimate variability, including altered rainfall patterns,
evapotranspiration and vegetation cover response. Anthropogenic land use such as
deforestation, ploughing and grazing can also result in greater sediment availability. Dust
entrainment may respond to shifts in wind regimes and windiness, in addition to hydroclimatic
factors that influence soil moisture levels. Large scale climate variability, such as the migration
in the position of synoptic scale circulation systems, exerts broad-scale control on dust emissions
by influencing these factors (After Marx et al., 2018).
Existing studies that have either directly attempted to quantify the human impact on dust
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emissions, or collected data from which this question can be investigated, have employed largely
heterogeneous methodologies. Consequently, there are limitations in regard to the
comparability of data types and the units in which data was measured. A compounding factor is
the differing spatial and temporal scales over which this data has been collected across the
different measurement methods. Further difficulties may be encountered in attempting to
isolate the impact of human activities on dust emissions from the effects of natural climate
variability. As such it is necessary to investigate and compare many potentially suitable records
to identify the scale and timing of signals that may indicate human disturbance of the
environment as opposed to changes in dust flux due to climate fluctuations, or indeed individual
extreme weather events.
The paucity of high resolution (here defined as <10 years/data point) dust records globally, limits
our understanding of both the spatial and temporal patterns in dust flux during the Holocene.
However, it was not possible within the scope of this thesis to attempt to address all of the
spatial gaps in the global paleo-dust record. Among the major dust source regions (Fig. 2) that
experienced substantial landuse change during the Anthropocene (see Ellis et al., 2010), South
American dust sources have among the lowest coverage of high-resolution records of dust flux.
Therefore, the research undertaken for and described in this thesis is concerned with the
construction of paleo-dust records for two of the major South American dust sources, namely
the Puna-Altiplano and Patagonia (Gili et al., 2016), where records are currently insufficient (i.e.
non-existent, or of too low resolution to be conclusive) to accurately quantify the anthropogenic
impact on dust flux. Both of these regions have temporally different but relatively well
documented modern human land use histories, each punctuated by the arrival of a different
group of European colonists (see Aagesen, 2000; Cooke et al., 2011), making them interesting
case studies for comparison.
If, as is suggested by a number of studies from different regions, dust flux has increased globally
as a result of human disturbance during the late Holocene, there may be significant implications
for Earth’s systems. Soil loss as a result of industrial agricultural practices has been hypothesised
to be one of the primary challenges facing human civilisation (Montgomery, 2007). Large regions
of North America, Argentina and Australia, considered global breadbaskets due to their high
agricultural output, have been documented to be susceptible to episodes of severe wind erosion
and soil loss (Cattle, 2016; Cook et al., 2009; Viglizzo and Frank, 2006). Existing sedimentary
archives show highly elevated dust fluxes in these regions after the mid-19th Century in
comparison to the period prior (e.g. Marx et al., 2014; Neff et al., 2008 in Australian and North
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America, respectively), in each case closely matching the timing of the introduction of intensive
land use practices. However, in addition to soil loss, elevated dust fluxes are also likely to have
had an effect on the environment and climate through interactions with Earth’s biogeochemical
processes (see Fig. 1). For example, phytoplankton blooms have been recorded to occur in HNLC
ocean areas following the passage of dust events (Johnson et al., 2011; Yoon et al., 2017), and
the flux of lithogenic particles and organic carbon to ocean sediment traps has been found to
correlate with upwind dust event frequency (Pabortsava et al., 2017; Yuan and Zhang, 2006).
Despite the evidence that exists for the role of dust in stimulating oceanic primary productivity
in individual events and at a seasonal level, few, if any, records provide high resolution data of
the relationship between dust input and primary productivity response over timescales in excess
of a few months. While in theory, over the last few decades remote sensing and ocean buoy
technologies could begin to provide these continuous datasets, a number of environmental (i.e.
high incidence of cloud cover, and low winter light conditions) and practical (i.e. remote and
harsh oceanic location) limitations have hampered these efforts. In any case, these records
would not predate any increase in dust due to the intensification of human land use during the
Anthropocene. Therefore, high-resolution sedimentary archives, in particular ice cores that may
preserve biogenic and soluble compounds (e.g. Edwards et al., 2006; Legrand and Mayewski,
1997), provide an intriguing possibility for preserving long term multi-annual to millennial scale
records of dust flux and primary productivity in HNLC ocean regions. Understanding this
relationship over time, and to what degree any anthropogenic dust increase has affected it, is
crucial because of the environmental and climatic feedbacks (outlined in the opening paragraph)
that dust fertilisation is thought to have.
1.4

Identifying dust in the environment

Identifying dust deposits in the landscape presents a major challenge to dust research. This is
because even major dust transport events are dispersed over large spatial areas, resulting in
very thin deposits (McTainsh, 1989), and this has served to limit the appreciation of the role of
dust in Earth’s systems (Marx et al., 2018). Consequently, the aeolian component is often
swamped within most sedimentary settings. Despite this, certain environments allow
reconstruction of dust deposition records, e.g., lakes, deep sea sediments, peat bogs and ice
cores.
For this research, ombrotrophic (rainfall fed) peat bogs were identified as potential sites for the
extraction of new sedimentary dust archives, and have been demonstrated to provide high
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resolution records of Holocene dust deposition (e.g. Kylander et al., 2009; Marx et al., 2014). In
this regard peat bogs can provide a viable alternative to ice cores, the distribution of which is
more limited, and are preferable to lower resolution oceanic dust records for investigating subcentennial scale variability (Marx et al., 2018). Although advances in geochemical fingerprinting
of sediments has allowed for methods to define and separate the aeolian component from bulk
sediments in both peat and lacustrine deposits (e.g. Neff et al., 2008; Weiss et al., 2002),
uncertainties may still exist if, for example, dust and other sediment input are derived from
similar parent material. However, for the purpose of constructing dust records well situated peat
sites are often preferable to lakes, which almost always experience some catchment
component. Therefore, ombrotrophic peat mires (i.e. that receive moisture and mineral
deposition from solely atmospheric, as opposed to alluvial, sources), which provide a more
pristine depositional environment for recording dust flux were selected. Although peat
accumulation rates vary by both site location and the prevailing climatic conditions, the
generally high accumulation rates found in peat bogs from both Patagonia and the PunaAltiplano allow for the construction of high-resolution dust records. An investigation of multiple
peat bogs in Tierra Del Fuego found a mean accumulation rate of 0.5 – 1 mm/yr over the Late
Quaternary, and maximum accumulation rates of up to 3 mm/yr (Rabassa et al., 2006),
comparable to rates recorded at other regional sites (e.g. van Bellen et al., 2016). Similarly, a
peat site in the Puna-Altiplano has measured accumulation rates of 0.5 – 1.5 mm/yr during the
late Holocene (Schittek et al., 2016). The combination of high accumulation rates and an organic
matrix that provides material for radiocarbon dating, and therefore the construction of reliable
age models, make peat a good substrate from which to construct dust records.
2.

Research aims and objectives

The aim of this thesis is to test two hypotheses: a) whether human activities have caused a
quantifiable increase in dust flux and; b) whether any change in dust flux has resulted in
measurable effects on recipient ecosystems. Accordingly, this thesis must tackle the major
obstacles that currently restrict our understanding of the impact of the intensification of human
activity on dust emissions during the Anthropocene. In order to achieve these aims three distinct
but complementary major objectives have been identified as requiring specific attention and are
addressed in subsequent sections of this thesis. These are:
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1. To produce a quantitative global synthesis of existing research data in order to
investigate to what extent and where human activity has resulted in increased dust
emissions.
2. To identify regions, from the output of objective 1, from where data on the potential
impacts of human activity on dust emissions are lacking and to construct new paleorecords of dust flux from sedimentary archives to fill these gaps.
3. To understand what effect increased dust flux due to anthropogenic activity might have
on recipient eco-systems.
In the section which follows, the thesis structure and scope are presented.
3.

Thesis Structure and Scope

The body of this thesis is divided into three separate sections (excluding the introduction and
conclusion) addressing each of the research objectives. These three sections are comprised of
component chapters and each contains a series of sub-objectives (Figure 5).
In Section I of the thesis an extensive literature review of existing research was undertaken.
Literature was compiled that i) either directly addresses, or ii) can be used to assess to what
degree dust flux has changed as a result of anthropogenic land disturbance. The various
methodologies that have been used to tackle this question are identified and categorised, and
the results of different study types are analysed and compared to provide a quantitative
estimate of the human impact on dust flux during the Anthropocene. Section I therefore tests
the first hypothesis and addresses objective 1 of the thesis. It is comprised of Chapter 2.
In Section II of the thesis, the outputs of Section 1 were used to identify South America as a key
spatial data gap where the impact of anthropogenic activity on dust emissions has not been
robustly assessed. Although the impact of anthropogenic activity on dust emissions can be
considered largely unexplored within all dust producing regions of the globe. South America was
selected due to a) the sparsity of existing dust records, b) the presence of two globally significant
dust sources located in widely different climatic and environmental settings, and c) the distinct
land-use histories of the two separate dust source regions. As a consequence of the findings of
Section 1, two new dust emission records reconstructed from paleo-archives are presented in
Chapters 3 and 4. In these newly developed records dust deposition is reconstructed from the
analysis of cores extracted from ombrotrophic peat bogs in the Puna-Altiplano (Chapter 3) of
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northern Argentina, and Tierra del Fuego in southern Patagonia (Chapter 4). Specifically, the
Puna-Altiplano is situated on a semi-arid high-altitude plateau influenced by the tropical
monsoon, with an intensive landuse history beginning in the 15th Century due to the expansion
of the Incan Empire, and subsequently the arrival of Spanish colonists in the Colombian-era.
Tierra del Fuego, conversely, is situated at the southern tip of South America close to the
Antarctic Polar Front and the climate is dominated by strong westerly circulation transporting
moisture from the South Pacific. The region has a steep precipitation gradient, and intensive
landuse began with the arrival of European settlers in the 19th Century. In both cases, dust flux,
geochemistry and biological proxies were measured in order to create a record of general
climatic and environmental change through each core. In particular, the potential impact of
human activity on dust emissions is explored within each setting. Consequently, Section II
addresses the first hypothesis and research objectives 1 and 2.
Section III explores the impact of dust emissions on recipient ecosystems. To do this, a new
methodology is developed in which ice cores downwind of major dust sources and High-Nutrient
Low-Chlorophyll (HNLC) ocean regions are used to measure the relationship between dust flux
and oceanic primary productivity, that is, ecosystem fertilisation by dust. This is presented in
Chapter 5, which uses two case studies examining dust-ecosystem response, one in the South
Atlantic sector of the Southern Ocean (SAO) downwind of Patagonia, and the other in the subArtic sector of the North Pacific Ocean (NPO), which receives Asian dust. Although the NPO is
outside of the region which constitutes the main focus of this thesis (i.e., South America), it
makes an important comparison in this context as, alongside the SAO, it represents a second key
HNLC ocean region downwind of a significant dust source. This chapter discusses the
mechanisms through which dust-Fe can stimulate PP, other factors which may complicate this
relationship, and the implications of enhanced dust-Fe fertilisation during the Anthropocene. It
addresses the second hypothesis and objective 3.
The thesis culminates with the presentation of the conclusions in Chapter 6. In that chapter, the
major findings of this study are summarised while the limitations of the thesis are discussed.
Lastly, areas of future research, identified through this thesis are presented and discussed.
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Figure 5. An outline of the thesis structure
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Chapter 2
A global doubling of dust emissions during the Anthropocene?

1.

Introduction

Various studies have indicated that anthropogenic land disturbance can lead to increased levels
of wind erosion and dust emission from susceptible environments, e.g. semi-arid environments
(e.g. Field et al., 2011; Lee et al., 2012). Soil loss as a result of anthropogenically enhanced wind
erosion has been highlighted as one of the world’s most significant environmental issues,
threatening to affect global food production (Rostagno and Degorgue, 2011; Warren, 2007).
The principal way in which human activities have increased dust emissions is through facilitating
greater exposure of soils to the air stream, and as a result, creating greater potential for wind
erosion. This has occurred largely during the conversion of wild landscapes to agricultural
landscapes. As a result, human induced landuse change has a long history accompanying the rise
of early civilizations, e.g. as occurred in Neolithic Ireland and Britain (Robinson, 2014) and in preColumbian Central and South America (Cook et al., 2012). While early landuse change is likely to
have resulted in increased wind erosion in susceptible locations (e.g. semi-arid landscapes), it is
relatively minor when compared with the unprecedented rate at which wild landscapes have
been converted to agricultural production or resource extraction since the Industrial Revolution.
The change in landuse since the Industrial Revolution represents the first time that humans have
caused near-synchronous environmental changes across such large swathes of the planet.
Consequently it has been amongst the most significant changes to Earth’s terrestrial surface
environment (Klein Goldewijk et al., 2011). For example, in the three-hundred years since 1700
CE there has been a greater than ten-fold rise (from 5 to 55 %) in total human landuse globally,
and a halving of the remaining terrestrial wilderness (Ellis et al., 2010; Fig. 1). This can result in
elevated wind erosion though a number of factors which influence internal and surface soil
conditions (Nordstrom and Hotta, 2004). These include the removal of native vegetation and
deforestation (Shao et al., 2011), the diversion of water resulting in increased exposure of soils
to the wind (Gill, 1996), the breaking up of protective surface crusts due to trampling by hard
hooved stock animals (Okin et al., 2006), ploughing and cropping which both increases soil
erosion potential and, in some cases, directly emits dust to the air-stream (Nordstrom and Hotta,
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2004), alteration of soil nutrients and structure (Buschiazzo et al., 2007), and increases in pest
species that further impact cover vegetation (Mckeon et al., 2004; Montgomery, 2007a). It is
expected that increased wind erosion and associated dust emissions would accompany these
changes.

Figure 1. A map showing the change in landuse between 1700 CE and 2000 CE (Data from Ellis
et al. 2010). Arid regions (potential dust sources) are shown by cross-hatching.
Human activity is likely to have both exacerbated dust emissions from natural dust sources, such
as ephemeral lakes, floodplains and channel systems (Bullard et al., 2011; Lawrence and Neff,
2009), as well as resulting in novel dust sources from land-systems previously experiencing little,
or no wind erosion, e.g., arid grasslands and other disturbed lands (e.g. Viglizzo and Frank, 2006).
Therefore, both the additional contribution of novel dust sources from disturbed land and the
exacerbated dust entrained from natural dust sources following human disturbance, should be
either distinct or recognisable as providing an extra contribution not accounted for by natural
dust emissions. In the case of natural dust sources, where dust emission has increased as a result
of anthropogenic activity, the anthropogenic dust component must exceed natural variability in
dust emissions (as driven by climate variability) in order to be quantifiable.
Understanding the impact of human activities on recent dust emissions also has significant
implications for ascertaining the role of mineral dust in the Earth’s climate and biogeochemical
cycles. Dust is known to affect the radiative balance of the atmosphere directly through
absorption and scattering of incoming solar radiation (Arimoto, 2001; Mahowald et al., 2011)
and through acting as cloud condensation nuclei, resulting in greater cloud cover, while
simultaneously suppressing precipitation (Shao et al., 2011). Deposited dust can change surface
albedo and therefore the heat absorption of surfaces such as glaciers, contributing to ablation
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(Painter et al., 2007). Dust aerosols are known to directly negatively affect public health
(Kashima et al., 2016), as well as acting as a vector for pathogens (Kellogg and Griffin, 2006).
In addition to the impact of dust on climate, a number of studies have demonstrated that human
activity has affected the atmospheric cycles of trace elements (Hong et al., 2012; Hur et al., 2007;
Korotkikh et al., 2014), which have variously been recorded being scavenged by and transported
and deposited within or alongside soil dust (Gaiero et al., 2004; Marx et al., 2014a). This results
in enrichment of various elements, some of which are considered harmful to ecosystem and
human health (Lawrence and Neff, 2009). Of particular significance is the increased dust-derived
nutrient load to oceanic and terrestrial biospheres (Bristow et al., 2010; Jaccard et al., 2013). In
some environments dust is considered to be a key nutrient pathway contributing to primary
productivity. For example, up to 29,000 t yr-1 of dust derived phosphorous (in addition to other
essential elements) sourced from the Bodélé depression, Chad, is estimated to fertilize the
Amazon basin every year (Bristow et al., 2010). Similarly, dust contributes 16 million t yr-1 of Fe
annually to the global ocean, which is of significance because primary productivity in 30 % of the
global ocean is limited by the lack of Fe (Jickells et al., 2005). Changes in dust flux therefore have
the potential to affect the climate through CO2 drawdown. Accordingly, there are direct
consequences for climate models and how they account for changing dust regimes as a result of
human landuse in dust source areas.
There have been few global-scale assessments of the effects of human activity on dust
emissions, although it has been estimated that up to 25 % of dust emissions are related to
anthropogenic activity (Ginoux et al., 2012), equating to approximately 373-453 Mt yr-1 (Shao et
al., 2011). There is considerable uncertainty in this estimate, however, due to difficulties
associated with identifying natural dust emissions and separating them from those generated
by anthropogenic activity. Therefore, there is a need to develop more robust assessments of the
human impact on dust emissions.
A number of studies have investigated the impact of humans on dust emission at various scales.
These include empirical studies using Airborne Sediment Sampling (ASS) to measure dust flux or
dust deposition (e.g. Belnap et al., 2009; Li et al., 2005), models of climate and landuse change
on dust emissions (Mahowald and Luo, 2003; Tegen et al., 2004), meteorological observations
of dust events (e.g. Abuduwaili et al., 2008; Goudie and Middleton, 1992; Kim, 2008), the use of
satellite products to identity dust sources and atmospheric aerosol loads (Ginoux et al., 2012;
Prospero et al., 2002), and use of sedimentary archives to document changing dust flux rates
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(e.g. Marx et al., 2014b; McConnell et al., 2007; Neff et al., 2008). Each of these study types
contribute to our understanding of the impact of human activities on changing dust emissions
in different ways and have their own limitations. For example, Airborne Sediment Sampling,
Meteorological observations, Satellite data and resultant models have all been used to estimate
the anthropogenic impact on dust flux, however, at a larger regional or global scale, these
studies have been handicapped by the brevity of the data period analysed and/or complexities
of climate variability driving short term fluctuations in dust emissions (e.g. Mahowald et al.,
2010; Mahowald and Luo, 2003).
Reconstructed records of past dust deposition from sedimentary archives offer the potential to
overcome some of the issues constraining other approaches of investigating the anthropogenic
contribution to dust flux because they can both predate anthropogenic landuse change as well
as incorporating the period of landuse change. While other compilation studies using
sedimentary archives (sediment cores) have looked at natural variability in dust flux within the
quaternary (Albani et al., 2015; Kohfeld and Harrison, 2001) and Mahowald et al. (2010) looked
at dust flux change during the 20th Century including the impact of human activities, however
the question of how dust flux has changed during the Anthropocene as a result of broad scale
landuse change remains largely unanswered. That is, while individual studies have examined the
anthropogenic contribution to changing dust emissions, there has been no global scale
assessment of existing data.
In this study the impact of human activity on global dust flux is quantified using studies from
geologic archives which show statistically significant changes in dust deposition attributed to
anthropogenic disturbance. This is achieved by comparing the magnitude of recent changes in
mean dust deposition to pre-industrial dust emissions recorded by sediment cores downwind of
dust producing areas around the globe. In addition to this assessment, the anthropogenic
contribution to dust flux as recorded by other study types is also examined.
2.

Methods

2.1

Data compilation

To assess broadly the impact of anthropogenic activity on dust production from the World’s
major dust source regions, that is North and South America, North and Southern Africa, Central
and East Asia and Australia (Ginoux et al., 2012; Prospero et al., 2002), dust emission data was
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compiled from the literature for a range of studies utilising a variety of approaches. This includes
studies conducted downwind of these major dust producing areas, including in the Polar Regions
(the Arctic and Antarctic).
The approaches used to asses changing dust emissions include Airborne Sediment Sampling
(ASS) studies, Meteorological Station Observations (MET), Satellite Observations (SAT),
Modelling Studies and Observational Reviews. Relevant studies were identified through
literature searches using the SCOPUS and Google Scholar databases with the following search
terms; “Dust”, “anthropogenic”, “human”, “accelerated”, “fugitive”, “wind erosion”, “Aeolian”,
“disturbed” and “desertification”. References cited within the studies returned from these
searches were subsequently checked and included if relevant.
Because of their relevance for investigating the impact of anthropogenic impact on dust
emissions, a particular focus was placed on identifying studies from sedimentary archives. These
studies were additionally identified by searching the NOAA Paleoclimatology Database
(https://www.ncdc.noaa.gov/paleo-search/), the Climate Change Institute at the University of
Maine’s Ice core data repository (http://cci.icecoredata.org/index.html), the DIRTMAP database
(http://www.bridge.bris.ac.uk/projects/DIRTMAP/) and the scientific literature. For inclusion in
this compilation, studies from sedimentary archives had to meet the following criteria; records
must be a minimum of ~150 years in length, the top of the core must record data more recent
than 1975 CE, the age resolution of the core must be finer than 10 years per data point, as
indicated by the respective age models. Despite the fact that the 150 year minimum period could
be shorter than the onset of anthropogenic wind erosion in some parts of the world, records of
this length (n=3, Table 1) were included where other evidence (e.g. other sedimentary archives)
confirmed the onset of anthropogenic wind erosion within the last 150 years in the source areas
supplying dust to these cores.
In total, 58 unique studies were identified in which the impact of anthropogenic activity on dust
emissions could be assessed (Supplementary Information). These were separated into the
following categories: sedimentary archive (cores) studies (n=25), Modelling Studies (n=10), MET
(n=8), Observational Reviews (n=6), ASS (n=5), and SAT (n=4). Some of the identified
sedimentary archive studies had the aim of directly investigating the impact of anthropogenic
activity on dust emissions. Other studies did not have this specific aim and instead focussed on
longer term, e.g. Holocene, changes in dust flux, or alternatively examined Pb contamination
(e.g. Kylander et al., 2009; Osterberg et al., 2008).
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They nonetheless resulted in the production of data which could be used to assess the
anthropogenic impact on dust emissions. Furthermore, it is important to note that in some cases
the results herein and their subsequent interpretation differ from that presented in the original
study. This is because i) these datasets were re-analysed here using rigorous standardised
statistical testing, whereas the original publications contained no such analysis and, ii) in this
analysis the datasets were queried to address a specific question, which was not always the
focus of the original publication. That is, out the 25 presented sedimentary archives only two
studies (Marx et al., 2014b and Mulitza et al., 2010) specifically examined anthropogenic dust
emissions. The details of the 25 sedimentary archives and the 33 other studies are provided in
Table 1 and Supplementary Table 1 respectively.
2.2

Data analysis

For all study types, where applicable, the Anthropogenic Emission Factor Anomaly was
calculated using equation (1). This represents the likely contribution of anthropogenic activity
to the dust load. The AEFA is calculated by comparing ‘natural’ or background dust emission
rates with emission rates from surfaces or regions affected by anthropogenic activity, i.e.,

!"#! =

%&'((')*+,+

(1)

%&'((')*-.+

where AEFA = Anthropogenic Emission Factor Anomaly, Emissiontot = total dust emissions
including both natural and anthropogenic emissions, Emissionnat = dust emissions attributed to
natural processes only. The use of this formula has the benefit of producing AEFA values that
can be easily expressed as factorials, i.e. an AEFA value of 2 represents a doubling of dust
emissions, as well as meaning that logarithms of AEFA values are always positive. Using an AEFA
value also standardises assessment of the records. It has the advantage of allowing different
data types to be directly compared. For example ASS study data may be collected as g/m3 or
g/m2/s or g/s, versus MET studies where dust events are recorded by frequency, e.g. days/year,
or sedimentary archives where dust flux is commonly reported as g/m2/yr or g/l (in ice cores). A
second major advantage of using the AEFA is that i) change can be measured independently of
the need to accurately quantify dust emissions and, ii) changing dust output can be examined
without the need to compare dust emissions between different studies. This second criterion is
important because dust emission rates recorded at any individual site are a function of the
proximity of the measuring site to the dust source, as well as local factors, such as precipitation
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or topography, which can also influence dust deposition (Marx et al., 2018). For that reason,
distal and proximal recording sites give vastly different deposition rates (by over four orders of
magnitude; Lawrence and Neff, 2009), therefore comparing different emission rates between
studies operating over different spatial scales would be meaningless without standardisation (as
provided by using the AEFA).
An AEFA value was calculated for each study, and where a study provided a dust increase range,
rather than a single value, a minimum and maximum AEFA were calculated. These AEFA values
were then averaged across all studies within a study type to create a mean minimum and mean
maximum range of dust flux factor change for that study type. Emissionnat are defined spatially,
temporally or conceptually (for modelling studies) for different study types. ASS and SAT based
studies have tended to classify dust sources spatially as either natural or anthropogenic based
on the level of human activity or occupation of the source area. For example, one SAT study
classified each 0.1 x 0.1° grid square as an anthropogenic source if human landuse (defined as
agriculture) occupies 30 % or more of that square (Ginoux et al., 2012). These spatial studies
then make comparisons between the relative amounts of dust emissions from differently
classified areas. Sedimentary archives and MET studies, as well as a number of SAT studies, use
a temporal reference to ascertain changes in dust flux, that is assessing whether dust flux during
a certain time period is more or less than during another reference period (e.g. Abuduwaili et
al., 2008; Marx et al., 2014b). Modelling and other SAT studies operate under a conceptual
framework that categorises differences in the type of source area (e.g. grazed land, cultivated
land, natural grassland, desert) and then compare these different dust source types to each
other. Although this comparison happens in both space and over time, the comparison is based
on a conceptual categorisation of dust source type (e.g. Aubault et al., 2015; Li et al., 2005).
2.2.1

Sedimentary archives

Studies using sedimentary archives utilised a range of environments from which records were
constructed, including from both marine (e.g. Mulitza et al., 2010) and terrestrial environments.
The latter included ice cores from alpine glaciers (e.g. Kaspari et al., 2009) and polar (e.g.
Koffman et al., 2014) environments, in addition to peat mires (e.g. Kylander et al., 2009). Across
the various studies using sedimentary archives, dust flux was determined in different ways. This
included directly determining dust concentrations or deposition rates by measuring total
particulate concentrations, or unmixing the dust component within a sedimentary admixture,
with data expressed as g/l for some ice core studies or g/m2/yr. Alternatively, dust flux was
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assumed to be proportional to the concentration of a particular element, e.g., Titanium (Ti),
Calcium (Ca), or Magnesium (Mg). With the exception of the WAIS ice core from West Antarctic
(Koffman et al., 2014) and one of the three cores from the Quelccaya Ice Cap (Uglietti et al.,
2015), in which dust deposition values were reported as a flux, dust deposition data in the
remaining 19 ice cores were reported as concentrations. Using concentration data to examine
changes in dust accumulation may be susceptible to changes in ice accumulation rates, which
could concentrate or dilute the dust deposition signal. That is, equal rates of dust input may be
recorded as slightly higher or lower concentrations depending on the ice accumulation rate.
While this effect may be partially corrected for by calculating dust flux rates for each record,
changes in precipitation, which drive snow accumulation (typically measured as water
equivalent), influence dust scavenging, that is, wet versus dry dust deposition at the coring site
(Kohfeld and Harrison, 2001; Mahowald et al., 1999). Because dust is largely deposited via
precipitation or cloud water scavenging (Herckes et al., 2002; Stromsoe et al., 2015), dust flux is
not independent of precipitation. A second complication in converting dust concentrations to
dust flux in ice cores is that flux rates are dependent on the accuracy of the core chronology (age
model) from which water equivalent accumulation rates are derived. This is complicated further
by the use of dust deposition patterns (along with other parameters) to derive annual ice core
chronology in many cases (e.g. Thompson et al., 2000). For these reasons many studies
examining dust deposition in ice cores use concentration data to examine dust deposition
patterns (e.g. Kang et al., 2003; Thompson et al., 2000). In this study ice core data is presented
in the form that they were originally reported, that is either concentrations or fluxes
(Supplementary Table 2). Specifically, in the absence of direct measurements of dust, Ti data
was preferentially used to estimate dust flux as Ti is regarded as a conservative element and
therefore a good proxy for soil dust (De Vleeschouwer et al., 2009). In some ice core studies Ti
data were unavailable, in which case Mg or Ca data was used as a proxy for dust. Investigations
of aerosols deposited in ice cores have primarily associated Mg and Ca with the Upper
Continental Crust (UCC) (i.e. dust), however it is noted that there are also oceanic sources (salts)
for these elements (Legrand and Mayewski, 1997).
In order to undertake statistical analysis of the 25 compiled datasets, each dataset was log
normalised. The datasets were then analysed using sequential regime shift detection (Shift
Detection software (v6.2)) (Rodionov, 2004) to investigate whether significant shifts in the mean
dust flux occurred. The timing of any shifts in dust flux were then compared to that of historical
changes in landuse that could be expected to result in increased dust emissions. Each dataset
was analysed at a 0.01 significance level, using a Huber’s weight parameter of 2. The latter
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criterion means that all values less than two standard deviations from the mean are weighted
equally, while the remaining 5 % of data points that lie outside of this range are assigned smaller
weights, inversely proportional to their distance from the range (Rodionov, 2016). The cut off
length for detection was set as the lower of either 10 % of total data points, or 75 years, with a
minimum cut off length of 5 data points.
The date 1750 CE was selected as a likely onset for large scale anthropogenic effects on dust
emissions as it coincides with the beginning of the Industrial Revolution (IPCC, 2007; Smith and
Zeder, 2013), and is in keeping with other research that uses this date as a baseline for
anthropogenic changes to earth’s systems (e.g. Goll et al., 2015; Marx et al., 2016; Steffen et al.,
2015). These changes are associated with mechanisation, which allowed broad-scale land
clearing and the beginning of industrial scale agriculture. This included the development of
railways and later refrigeration allowing effective movement of agricultural products and
development of the steam horse (for ploughing and land-clearing) (Henzell, 2007; Lal et al.,
2007).
Shift points in mean dust flux were considered related to human activity when an increase in
dust flux occurred within the period known to have experienced significant anthropogenic
landuse change and where this increase was greater than the range of natural variability in dust
flux proceeding this change; specifically, when a shift in dust flux occurred after 1750 CE that
resulted in the highest mean for the entire dataset to that point (Fig. 2, A), or, an upward shift
occurred after 1750 CE that resulted in the second highest mean for the entire dataset with a
duration longer than that of the dataset’s highest mean (Fig. 2, B).
In many arid and semi-arid regions (i.e. potential dust producing regions) agriculture has been
practiced for thousands of years, implying that the onset of anthropogenic effects is likely to
predate the Industrial Revolution. However, even in regions with a long pre-Industrial human
disturbance record, the onset of industrial agriculture may stand out as statistically significant
in comparison to earlier disturbance. In order to determine whether the magnitude of any
identified regime shift was significant, two-tailed T-tests were conducted on the log-normalised
data for the entire periods before and after the identified shift point. T-tests were considered
significant at the 0.05 level. Following the identification of a statically significant change point,
the Anthropogenic Emission Factor Anomaly (AEFA) was calculated from Equation 1, where
Emissionnat was defined as the mean of all data occurring prior to the shift, and Emissiontot, was
the mean of all data occurring after the shift point. An example of this approach is shown in
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Figure 4, where the regime shift in the Australian Snowy Mountains peat record is displayed.

Figure 2. Conceptual diagram demonstrating the circumstances in which regime shifts in mean
dust deposition occurring after 1750 CE were identified as potentially being associated with
anthropogenic activity. Panel A displays a shift point in mean dust flux which occurs after 1750
CE and is greater than the mean of any period up to that point, while Panel B displays a shift
point occurring after 1750 CE which is the second highest mean in the record but is longer in
duration than the highest mean in the data set. In both cases, regime shifts are attributed to
human activity when dust is assumed or known to be from regions which have experienced
anthropogenic land-use change and the mean shifts are statistically significant.
3.

Results

The dust emission data compiled for this study covered durations ranging from weeks to
thousands of years and are presented in two broad categories; 1) sedimentary archives
recording dust deposition and, 2) supporting studies, which include a range of study types e.g.
ASS and SAT studies. In addition, the sedimentary archive data is presented separated into
studies from the Northern and Southern Hemispheres.
3.1

Sedimentary archives

Regime shift detection was used to examine post-1750 CE shifts in dust flux in the 25 compiled
sedimentary archives that matched the selection criteria for this study. Of the 25 records, 16
records showed a statistically significant increase in mean dust deposition after 1750 CE. Eight
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records showed no significant shift in mean dust emissions, while one record, from Mount
Erebus on Ross Island, Antarctica (Rhodes et al., 2012), showed a significant decrease in dust
flux during the industrial period (Table 1). Taken together, the 16 records containing statistically
significant increases in mean dust deposition since 1750 CE imply that on average dust flux
increased by an AEFA of 2.3 in large parts of the globe during the Anthropocene. Sedimentary
archives record a similar AEFA in both the Northern and Southern Hemispheres during this
period. However, individual records show variance in AEFA as outlined in the following sections
(Fig. 3, Table 1).
3.1.1

Northern Hemisphere sedimentary dust archives

In the Northern Hemisphere sedimentary archives which meet the criteria for this study are
available from Greenland, North America, North Africa and Asia. Because of the temporal
resolution of ice cores for recording change and the relative ease of isolating a dust signal, a
number of sedimentary archives come from Polar and high altitude regions. The earliest
significant post-1750 CE increases (regime shift) in dust deposition attributable to human activity
occurs in two of the three Greenland ice cores which met the criteria for this compilation (Fig.
3, red squares). These were in GISP2 (at Summit) at 1774 CE (Zielinski and Mershon, 1997) and
NEGIS at 1808 CE (Vallelonga et al., 2014), where dust deposition increased by 1.9 and 1.5 times,
respectively. In addition to these, an early significant increase in North African dust emissions
was recorded in ~1800 CE in the Mauritania Canyon off the coast of the Sahel of North Africa
(Mulitza et al., 2010). This location records a substantial increase in dust with an AEFA of 3.8
over pre-1750 CE dust deposition rates.
By comparison to the two records from central and north-western Greenland, the timing of the
shift in the shorter southern Greenland record, 20D, occurs much later at 1945 CE (Kang et al.,
2003). However, the magnitude of change is similar to GISP2 and NEGIS at 1.7. Analysis of
backward airmass trajectories shows that this record may reflect both Eurasian, and to a lower
extent, North American dust deposition (Kang et al., 2003). The timing of the shift in deposition
rates at 20D is more similar, although still later in time, than that recorded in a peat mire at Point
d’escuminac in eastern Canada, which is also likely to capture dust from North American sources.
In that record a regime shift in dust flux occurs after ~1920 CE, however, it also records a much
larger magnitude change, with dust deposition after 1920 CE almost three times that of the
previous long-term average (Kylander et al., 2009). By contrast, an ice core record from Baffin
Island, approximately 2400 km north of Point d’escuminac, recorded no significant change in
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dust deposition.

Figure 3. The timing and factor change (AEFA) in detected mean shifts in dust deposition for the
17 archives that recorded a significant shift post-1750 CE. The colour of each sedimentary archive
represents the most likely source area contributing dust to that site based on known major dust
plume pathways as outlined in Shao et al., (2011; Fig. 6) and Muhs (2013; Fig. 8), where dark
green = North African sources, light blue = Central/South Asian, purple = East Asian, light green
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= North American, pink = South American and dark blue = Australian. Red is used for sedimentary
records in Greenland and Antarctica where the archives may receive dust from multiple sources.
The location of the eight additional records which did not record a significant shift in dust
deposition are also indicated on the figure (small grey circles). Landuse change data are derived
from Ellis et al. (2010), where used land denotes croplands, rangelands agricultural villages and
urban land. Arid Regions, are based on Köppen Climate Classification B (arid) (data from Peel et
al., (2006). These broadly represent the major dust source regions (e.g. see Ginoux et al., 2012).
Sedimentary records from East Asia record increasing dust from the early 20th Century (Fig. 3,
purple triangles) when dust deposition approximately doubled. These include a peat core record
from the Great Hinggan Range, north-east China (Motianling), as well as an ice core in the Yukon,
north-west Canada (Mt. Logan). Both records are downwind of major dust sources in northern
and western China. These archives display both similar timing and magnitude in dust flux regime
shifts; Motianling records increased dust emission from the early 1920s CE with an AEFA of 2.2
(Bao et al., 2012), however, it is noted that this core dates from 1860 CE only. Despite this, the
longer Mt. Logan record also shows increased dust flux from the early 1900s CE with an AEFA of
2 (Osterberg et al., 2008).
In South Asia, regime shifts in dust deposition records from Himalayan ice cores (Fig. 3, Blue
Pentagons; AEFA of 1.5 – 2) occur from the early-20th Century. A significant shift in mean dust
deposition was detected in the Dasuopo ice core, Mt Xixiabangma, from 1924 CE (Thompson et
al., 2000), while two ice cores from Mount Everest’s East Rongbuk Glacier, one of which dates
from only 1843 CE, show identical mean shifts later in the 20th Century, in 1968 CE and 1971 CE,
respectively (Kang et al., 2003; Kaspari et al., 2009; Shugui et al., 2003). These shifts are likely
related to changes in dust source areas in the Indian Sub-continent, South West Asia and the
Arabian Peninsula (Kaspari et al., 2009; Thompson et al., 2000). After reaching peak dust
concentration values in the 1980s CE, both the Everest ice cores display a decline in dust
concentrations in the 1990s CE. These changes are not statically significant and also do not
significantly influence the statistically significant shifts to higher mean dust concentrations
apparent in both cores after 1968 CE and 1971 CE, respectively.
3.1.2

Southern Hemisphere sedimentary dust archives

Producing a robust assessment of the magnitude of anthropogenic effects on dust emissions in
the Southern Hemisphere using sedimentary archives is problematic due to the sparsity of high
resolution cores outside of Antarctica. Outside of the Antarctic only four sedimentary archives
met the compilation criteria. These include a peat mire record from the Snowy Mountains, New
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South Wales, Australia and three records from the high-altitude Quelccaya Ice Cap in Peru. The
Snowy Mountains record displays a significant increase in dust deposition after approximately
1870 CE when dust flux increases by 4 times in comparison with the previous 1500 years (Fig. 4)
(Marx et al., 2014b). Only one of the three Quelccaya ice cores from Peru recorded a significant
change in dust deposition after 1750 CE. In the core recording a statistically significant change,
there is an almost doubling of dust concentrations between 1976 CE and the top of the core in
2002 CE when compared to the average dust concentration over the ~1750 years prior to this
period (Thompson et al., 2013).

Figure 4. Example of a regime shift in dust deposition after the Industrial revolution. Panel A
displays dust flux recorded in a peat mire in the Snowy Mountains Australia between 500 and
2006 CE (Marx et al., 2014b). Panel B shows the same data following log normalisation (blue
line). The regime shift detection analysis is shown by the purple line. Four distinct dust flux
regimes were apparent in the core, the most recent of which begins in 1870 CE and is statically
significant (P value = 8.18 x10-25) by comparison to the three earlier regime periods. This shift
also coincides with the timing of the onset of broad-scale agriculture in south-eastern Australia,
upwind of the studied peat mire.
The Antarctic continent has the potential to capture dust from all three of the major Southern
Hemisphere dust sources; southern South America, southern Africa and Australia. Dust records
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in Antarctic ice cores show significant variability in both the magnitude and timing of regime
shifts in dust deposition. The earliest post-1750 CE upward shift in mean dust deposition occurs
at Law Dome in 1828 CE which has an AEFA of 1.2 (Souney et al., 2002). Siple Dome displays a
regime shift at approximately the same time (1833 CE), but of a higher magnitude (AEFA = 3.4)
(Data obtained from: CCI – University of Maine). The other two cores from West Antarctica, Siple
Station and WAIS, also display increasing dust flux after the Industrial Revolution, however, the
timing of the regime shift is later and the magnitude of change is lower. That is, the Siple Station
core records an AEFA of 1.6 with a regime shift in 1927 CE (Mosley-Thompson et al., 1990), while
the WAIS core has a AEFA of 2.1 and a shift date of 1949 CE (Koffman et al., 2014). By contrast,
Mount Erebus was the only record displaying a negative shift in dust flux after 1750 CE. The
change to lower dust deposition occurred after a negative shift in 1803 CE, resulting in an AEFA
of 0.4.
3.2

Supporting studies examining changing dust emissions

Supporting studies examining anthropogenic dust emission overwhelmingly (with the exception
of modelling studies) occur over time scales of <100 years (Fig. 5). Therefore in most instances
(i.e. locations) they do not predate the onset of industrial scale agriculture. Nevertheless studies
over these time scales can still provide an approximation of the magnitude of human induced
wind erosion. Studies in this category can provide time-series data of dust emission change
where, for example, agricultural activity has increased during the last 100 years. Alternatively
these studies can quantify the human impact on dust emissions by measuring dust production
from anthropogenic landscapes by comparison to natural landscapes in close proximity. Figure
6 shows the geographical location of the <100 year study types where these were local in scale.
3.2.1

Airborne sediment sampler (ASS) studies

The effect of human disturbance was directly examined in the five ASS studies by quantifying
the difference in dust emissions from natural and anthropogenic (agricultural) landscapes. These
studies are typically short duration and have small spatial scales with sediment samplers
typically located adjacent to or at most within a few kilometres of the assumed dust source.
Three of these ASS study sites were located in the South-Western United States, while the other
two were in Inner Mongolia, China.
Of the different investigated study types (i.e. ASS, sedimentary archive based studies, MET, SAT,
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Modelling and Observation based review studies) ASS type studies showed the largest increase
in dust emissions from human disturbance. Collectively ASS studies implied increases in
emissions (AEFAs) of between 3.6 (minimum average) and 45 (maximum average), associated
with human activity (Fig. 7). These studies also showed the largest range between minimum and
maximum AEFA. The highest rate of emission from disturbed land was 117.1 times greater than
undisturbed land at a study in the Canyonlands of southern Utah, USA (Belnap et al., 2009), while
the smallest difference between disturbed and undisturbed plots among the studies was two
orders of magnitudes lower, with an AEFA of 1.2 - 2, in a study undertaken in southern Nevada
and south-eastern California, USA (Reheis and Kihl, 1995).

Figure 5. A conceptual diagram showing the temporal and spatial scales covered by the different
study types considered in this paper.
3.2.2

Meteorological Station Observations (MET)

Eight MET studies have been considered in this category, of which three are located in central
Asia, four in East Asia, and one in the western Sahel of North Africa. By comparison to local scale
ASS data, MET studies represent dust flux on an enlarged (regional) spatial scale and over a
longer temporal scale (e.g. multi-decadal durations; 26 – 60 years) (Fig. 5). For example, MET
observations of dust events over a 37 year period downwind of Lake Ebinur, in North-West
China, recorded an increase in average annual dust days from just 1/yr in the first decade (196037

1970 CE) to an average of 40/yr in the final 7 years of the study (1989-1996 CE) associated with
human induced lake desiccation and subsequent dust entrainment (Abuduwaili et al., 2008).
Similarly, three studies presenting data over a 40-year period from South Korea, a recipient of
long-travelled East-Asian dust, all show an elevated number of average annual dust days after
1990 CE compared to the preceding decades (Chun et al., 2001; Kim, 2008; Lim and Matsumoto,
2008). The study in North Africa (Niang et al., 2008) applied a different approach to examining
changing frequency of dust events. That is, changes in the wind erosion threshold velocity
necessary to result in dust raising events were examined. Results suggested a reduction in the
wind erosion threshold velocity had occurred as a result of drought and human activities
between the 1950s and 1990s CE, equating an increase in wind erosion susceptibility of between
4.1 to 5 times.
Overall, MET studies show the second highest factor increase in AEFA due to human disturbance
among empirical study types investigated here, ranging between 3.4-7.8 (Fig. 7). The range of
AEFA within individual MET studies varied from 1.3 (Goudie and Middleton, 1992) to 40
(Abuduwaili et al., 2008).
3.2.3

Satellite Observations (SAT) studies

By comparison to other study types, SAT data offers the most conservative estimates of the
effect of human disturbance on dust flux of any of the investigated empirical study types, with
the mean AEFA ranging between 2 and 3.6 across the four identified SAT studies which
investigated anthropogenic effects on dust emissions.
Of four studies, only one, Ginoux et al., (2012), is global in scope. That study quantified the
contribution of anthropogenic dust to total dust emissions, estimating global anthropogenic
dust emissions of 363 Tg/yr. By comparison, natural dust emissions were estimated at 1172
Tg/yr. Therefore the anthropogenic contribution to global dust emissions is 31%, equating to an
AEFA value of 1.3 for that study (lower than within the other presented SAT studies). The three
other satellite studies all occur on a much smaller scale, examining anthropogenic dust
contributions in North America (Lee et al., 2012), South America (Blanco et al., 2008) and North
Africa (Moulin and Chiapello, 2006), respectively (note, regional assessment of the World’s
major dust producing regions was also undertaken in Ginoux et al., (2012)). The maximum AEFA
for these studies was 14.3, in the southern high plains of west Texas, USA (Lee et al., 2012), while
the minimum AEFA was 2 for North African dust sources (Moulin and Chiapello, 2006).
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3.2.4

Modelling studies

Ten modelling studies were found to have investigated anthropogenic dust emissions. Of these,
five investigated changes to global dust flux, one modelled emissions from Asia and two from
North Africa and two from Australia. All of the global studies provide estimates of the
anthropogenic contribution to total dust flux in the form of a percentage of total dust flux,
however there are large uncertainties both within and between studies. For example, the lowest
estimate for the global anthropogenic dust contribution is 0-10 % of global dust loads (Tegen et
al., 2004), corresponding to an AEFA of 1 – 1.1, while the largest estimate is 14 – 60 % (Mahowald
and Luo, 2003), equivalent to an AEFA of 1.2 – 2.5. It is noted, however, that in the Mahowald
and Luo (2003) study a number of scenarios were modelled, some of which resulted in net
reductions in dust flux. Those scenarios did not account for the role of land cultivation in driving
increased dust emissions and so are not considered in this compilation.

Figure 7. The maximum and minimum average factor increase in dust emissions due to human
disturbance of dust source areas across all six study types considered in this research. Above each
study is a value for n (the number of studies considered for that study type), min (the average of
the minimum dust factor increase across all of the studies considered for that study type), and
max (the average of the maximum dust factor increase across all of the studies considered for
that study type). Black circles represent the standardised pre-disturbance dust emission (predisturbance = 1), solid colour circles represent the minimum average, and striped circles
represent the maximum average post-disturbance dust emission factor increases respectively,
for each study type. Circle areas are proportional to the dust emission factor increase in
comparison to the standardised black circles.
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At a regional scale, two modelling studies from North African indicate that anthropogenic dust
emissions account for 23 – 40 % (AEFA = 1.3 – 1.7) depending on the variable measured
(Mahowald et al., 2002), and 0 – 35 % (AEFA = 1 – 1.5) (Yoshioka et al., 2005), respectively, similar
to the global modelling studies. In Asia modelling of dust emission implies that land disturbance
has resulted in 10 – 40 % more dust storms by comparison to the 1950s CE under the same
meteorological conditions (Gong et al., 2004). The two models examining Australian dust
emissions used different methodologies. The study of Aubault et al. (2015) constructed a land
erodibility index based on land condition and animal stocking rates, with land in fair or poor
condition found to be between 1.5 to 2.1 times more erodible than land in excellent or good
condition. An earlier Australian study by McTainsh et al. (1990) compared MET observations of
dust events from agriculturally disturbed landscapes against modelled expected dust emissions
assuming natural conditions only. Results indicated wind erosion was up to 240 % higher than
would have been expected under natural conditions, i.e. prior to agricultural development.
Overall, the combination of both regional and global scale modelling studies imply an AEFA of
1.3 to 1.8.
3.2.5

Observational review studies

Review papers reporting historical observations of dust events and compilations of unavailable
or uncited data, suggest a much higher impact of human activity on dust flux, by comparison to
other studies. The combination of data across six review studies resulted in an AEFA of 9.3 - 11.
Among these studies there was considerable variation in the reported dust flux change. The
lowest value was reported by a review of changing dust variability recorded in 11 sedimentary
archives over all or part of the 20th Century, which suggested an AEFA of 2 (Mahowald et al.,
2010). Another study, digitising qualitative data of human observations of dust storms in
northwest China over the past 1000 years proposed an AEFA 3 – 8.8 (Dong et al., 2000). The
largest change in dust flux among the review studies reported a factor of 31 increase in annual
dust storms in China (Liu and Diamond, 2005). Overall, however, the lack of presented data in
these studies means it is not possible to verify these results
4.

Discussion

The combined set of results from within each of the different study classes (ASS, MET, SAT,
sedimentary archive studies, observational reviews and models) all provide evidence that
human activity has resulted in increased dust emissions in the period since 1750 CE. Across these
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different study types, the compiled results imply dust emissions increased after 1750 CE by 1.3
times (the minimum estimate based on combined modelling studies) to 45 times (the maximum
estimate based on compiled ASS studies), by comparison to dust emissions prior to human
disturbance (Fig. 7). It should be pointed out that the results of individual studies depart from
these compiled averages, while in addition some of the sedimentary archive studies recorded
no change in dust flux attributable to anthropogenic change. Importantly, in the case of ASS and
SAT studies, observational reviews and models, all the compiled studies explicitly investigated
anthropogenic effects on dust emissions. All of the studies in these categories recorded a
positive relationship, i.e. human activity resulted in increased dust generation. By contrast, most
of the sedimentary archive studies were not explicitly investigating anthropogenic effects on
dust emissions. It is also noteworthy that of the complied studies only sedimentary archives
recorded data collected prior to human induced landuse change. Similarly, some of the
presented MET studies were also not explicitly examining anthropogenic effects on dust
emissions, however all MET records implied dust emissions had increased concurrent with
human activity. Overall, the range in results presented reflects both the spatial and temporal
extent of available data by study type, its geographical location, as well as the utility of different
study types for assessing human impact on dust emissions (Fig. 5). These factors are discussed
in the following sections.
4.1

Sedimentary archives as robust indicators of changing dust emissions

Sedimentary archives offer potentially the best records of changing dust emissions. A key
strength of these studies are their potential duration and resolution (Fig. 5). For example, some
ice cores record dust deposition at annual to decadal resolution for time periods of up to 800,000
years or more (e.g. Lambert et al., 2008). Thus due to their fine resolution and longer duration,
sedimentary records of dust deposition can predate the onset of anthropogenic disturbance and
allow quantification of the impact of anthropogenic dust emissions in the context of natural
climatic variability that can also be a major driver of changes in dust emissions (e.g. Marx et al.,
2011). This implies sedimentary archives are less susceptible to being distorted by individual
exceptional weather events or periods in comparison to shorter duration study types such as
satellite imagery studies or MET studies which can, for example, be affected by multi-decadal
droughts (e.g. Lamb et al., 2009). Sedimentary archives can also allow the capture of dust from
wide source areas and therefore have the capacity to be representative of regional dust fluxes.
For example, the dust record from the Mt Logan ice core (Table 1; Osterberg et al., 2008) broadly
reflects dust emissions from East Asia. In addition, many of the presented sedimentary archive
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studies show a regime shift to higher dust emissions between the early 19th Century to mid 20th
Century. Between these periods there was little aeolian research being undertaken, e.g. typically
<5 scientific papers were being published annually before the mid 1840s CE (Stout et al., 2009),
indicating with the exception of sedimenary archives, there are few data which document this
major global change in dust emissions. Consequently, sedimentary archives are the only
empirical studies allowing investigation of major change in dust emissions associated with
historical landuse change, preserving a spatially and temporally broad archive of dust flux, and
providing the most robust, high-resolution records of dust deposition during the Holocene and
Anthropocene. Sixty-eight percent of the sedimentary archives that were compiled for this study
recorded an increase in dust deposition since 1750 CE. Taken together, these records imply a
slightly more than a doubling in dust deposition over most of the globe during the industrial
period. This change parallels a halving in the area of the unmodified wild terrestrial biosphere
between 1700 to 2000 AD (Ellis et al., 2010). This increase is of comparable magnitude with the
2 – 4 fold changes associated with glacial cycles (Mahowald and Luo, 2003). The remaining 32 %
of studies which did not record an increase in dust deposition since 1750 CE are from particular
environmental settings which may have restricted capacity to detect anthropogenic dust
emissions. These are discussed in detail in Section 4.1.3.
Interpreting dust records from sedimentary archives is not always straight forward. Changes in
atmospheric and ocean circulation may mean that mineral deposition reflects shifting dust
transport trajectories, not necessarily increased dust emission due to source area change (e.g.
Marx et al., 2009). In addition, it is noted that the period of marked anthropogenic landuse
change coincides with end of the Little Ice Age (LIA), which may conflate the anthropogenic
signal in some sedimentary records (e.g. Rhodes et al., 2012). The preservation of a dust signal
in sedimentary archives can be influenced by physical and chemical processes. These include
fracturing, deformation and melting in ice cores which can complicate chronology and affect
particle concentrations (dust load). Furthermore, changes in ice accumulation rate have the
potential to affect the concentration values of dust or dust proxies that are reported by most ice
core studies. As previously discussed, calculating this affect is complicated by the scavenging of
dust by precipitation, where by changes in the efficiency of this process occur as precipitation
changes, and the relative importance of wet and dry deposition at the core site (Davidson et al.,
1996). Despite this complication, any changes in precipitation that may have affected dust
concentrations are likely to be relatively minor given the short timescales considered in this
compilation by comparison to the large differences in precipitation rate that are thought to have
occurred between the LGM and the Holocene (Mahowald et al., 1999). It is also noted, that
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despite potential uncertainties surrounding the use of concentration values, this has been the
standard way of reporting dust deposition in ice cores. Sedimentary archives from terrestrial
environments can be vulnerable to physical or chemical alteration or bioturbation affecting
internal structure, changing fidelity due to environmental change (Marx et al., 2014b) and
disturbance of geochronometers e.g. 14C and 210Pb, by physical, chemical or biological processes.
Therefore, it is important to understand the behaviour of dating systems and internal processes
within sedimentary archives that may otherwise affect the fidelity of these records. In addition,
sedimentary archives can record multiple sources of dust, conflating signals in those cases.
Furthermore, the ability of archives to record landuse change effects on dust emission depends
on the sensitivity of the record versus the magnitude of dust emission change. For example,
where an archive receives both natural local dust, and regional/long-range dust influenced by
landuse change, a greater magnitude of anthropogenic dust emission may be required to elicit
a quantifiable response in the archive, that is where local dust input is high and variable relative
to regional anthropogenic dust input. Location factors may also affect the fidelity of a particular
sedimentary archive, influence deposition rates and in some cases trajectories (Lawrence and
Neff, 2009). For example, in the Yukon, ice cores in close proximity but at different altitudes
have been shown to record different pollution patterns and potentially even sources of pollution
(Osterberg et al., 2008; Yalcin and Wake, 2001). Uncertainties due to these complicating factors
can be further minimised by increasing the number, length and spatial coverage of sedimentary
records allowing changes in dust flux to be isolated from internal archive change, or changes in
dust plume trajectories, while also capturing longer term variability due to climate induced
changes in dust flux or transport.
4.1.1

Sedimentary records of changing dust emissions from the Northern Hemisphere

Extensive dust source areas (both natural and anthropogenic) exist in the Northern Hemisphere,
these have been mapped at high resolution by remote sensing (Ginoux et al., 2012; Prospero et
al., 2002; Washington et al., 2003). In brief the major Northern Hemisphere dust sources include
extensive dust producing areas across North Africa and throughout the Middle East (from the
Tigris-Euphrates Basin to the southern coast of the Arabian Peninsula), in Asia between the
Caspian and Aral Seas and throughout the major basins of Iran, Afghanistan and Pakistan, the
northern Indian sub-continent, as well as in north western and central East Asia (The Tarim and
Qaidam Basins, the Hexi corridor, Gobi Desert and Loess plateau). In addition, major dust
sources occur on the western and eastern side of the central/southern Rocky Mountains in
North America. The overall contribution of these major dust source areas to the global dust
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budget can differ by up to an order of magnitude. North Africa is the largest global dust source
area with annual emissions estimated at 659 – 840 Tg, three to four times greater than dust
emissions from sources in West Asia (210 – 225 Tg/yr) and East Asia (146 – 202 Tg/yr). Dust
emissions from sources in Central Asia (17 – 62 Tg/yr) and North America (12 – 63 Tg/yr) are
considered to be the lowest among the major Northern Hemisphere dust source regions (Ginoux
et al., 2012, 2001). These broad dust producing regions are roughly consistent with the arid
regions defined as Köppen climate classification B by Peel et al. (2006), indicated by hatching in
Figure 1. Many of these regions have undergone extensive development for agriculture (Ellis et
al., 2010; Fig. 1). Some regions however, for example, the Sahara and the large arid basins in
northern China, have experienced relatively little landuse change, owing to their unsuitability
for industrial agriculture (Fig. 1). Despite this there has been extensive agricultural development
on the periphery of these large arid deserts, for example in the Sahel, North Africa (Mulitza et
al., 2010), and around the Gobi Desert and Loess Plateau in China (Sokolik et al., 2013; Ta et al.,
2006; Fig. 3.), which appear to have increased dust emissions from these regions.
The present distribution of sedimentary archive studies is insufficient to accurately map changes
in and around the Northern Hemisphere dust producing regions (Fig. 3). Nevertheless, existing
records still allow an estimation of the magnitude of change (the AEFA) in dust emissions arising
from anthropogenic impact. For both dust deposition and dust trapping studies the source area
provenance of dust can, in many cases, be determined using geochemical fingerprinting (see
Marx et al., 2018 (in Press) and references within). However, its application requires detailed
sampling and knowledge of geochemical characteristics in potential dust source areas.
Therefore, in many of the sedimentary archives presented here the provenance of dust has not
been determined. Despite this, concordance in timing between landuse disturbance, such as the
introduction of intensive or mechanised agriculture, and increasing dust deposition within
sedimentary archives located downwind of regions in which landuse change has occurred can
be used to broadly identify dust sources a priori. Therefore, for the presented sedimentary
archive studies in which dust provenance was not determined within the study, the most likely
source of dust was broadly assumed based on the geographical location and the timing landuse
change and the position of major dust plume trajectories (Muhs, 2013; Shao et al., 2011). Each
assumed source area is grouped by colour in Figure 3, where the same colour is used to denote
an assumed shared source.
The Mauritania Canyon, off the west coast of North Africa, records a statistically significant
increase (regime change) in dust deposition after approximately 1800 CE, that is, dust flux after
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this time is statistically higher than dust flux during the preceding 800 years of the record by 3.8
times. This is amongst the earliest recorded onset of an anthropogenic dust signal in the
compiled records (Fig. 3, Table 1). The Mauritania Canyon is located directly downwind of
prevailing easterly winds from North African dust sources, therefore the increase in dust
recorded after 1800 CE is unequivocally sourced from North Africa (Note the timing of onset of
significant anthropengic dust calculated in this study is later than ascribed in the orignial study,
which was based on visual estimation only). The timing of this change broadly coincides with
agricultural change in North Africa. Establishing a precise date for the onset of intensified human
disturbance in North Africa is difficult due to its long history of human habitation and associated
livestock rearing and cultivation. Regardless, the statistically significant increase in dust matches
with the beginning of maize production in Sahel (introduced by the Portuguese) from the
beginning of the 18th Century. The later onset of commercial ground nut production in the
western Sahel in the 1830s and 1840s CE (Austin, 2009; Mbow et al., 2008; Mulitza et al., 2010;
Webb, 1995) can be considered a marker for the beginning of industrial agricultural practices,
after which dust flux increased exponentially. Consequently after its onset, the contribution of
anthropogenic dust emissions from North Africa has continued to rise in conjunction with
increasing agriculture, especially after the 1970s CE (Mulitza et al., 2010). These changes are
further evidenced in a coral core from the tropical North Atlantic assumed to be capturing
Sahelian dust and covering the late-20th Century, which indicates large increases in dust flux
over this period (Mukhopadhyay and Kreycik, 2008). This record, however, did not meet the
criteria for statistical analysis in this study. Conversely, a study investigating African dust
deposition in the Bahamas in three lagoon sediment cores did not find a notable post-1750 CE
increase in dust flux (Hayes et al., 2017), although the cores in that study suffered from low age
resolution, with few ages or data points younger than 1750 CE (therefore the study did not meet
the criteria for inclusion in this complication), and, in addition, were known to be affected by
bioturbation. Furthermore the reported deposition rates were at odds with nearby instrumental
dust measurements (Hayes et al., 2017).
North Africa contains a number of globally significant natural dust hot spots, most notably the
Bodélé Depression, the world’s largest dust source (Bristow et al., 2009; Ginoux et al., 2012). It
is notable that the Mauritania Canyon archive records an anthropogenic dust signal given the
transport of dust from these major global dust hotspots over the canyon (e.g. McTainsh and
Walker, 1982; Prospero et al., 1981; Washington et al., 2003). That is, even downwind of the
Earth’s most active natural dust source, anthropogenic dust emissions are still significant.
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North African landuse change may also be responsible for early changes in dust deposition
recorded in Greenland ice cores. Two of the three Greenland ice cores, GISP2 from Summit in
central Greenland and NEGIS from north-eastern Greenland, record a statistically significant
increase in dust flux from 1774 CE and 1808 CE with AEFA of 1.9 and 1.5, respectively (Fig. 3,
Table 1). The timing of this increase matches landuse change in North Africa, however, by
contrast with the Mauritania Canyon, the sources of dust supplied to Greenland since the
Industrial Revolution are not straight forward. Based on geochemical fingerprinting, East Asia
has previously been proposed as the most probable source of dust to Greenland’s inland plateau
(i.e. Summit) (Biscaye et al., 1997; Bory et al., 2003). However, a recent study from air samplers
located at Summit Station have demonstrated that Saharan dust is also present year-round
(VanCuren et al., 2012). East Asia appears unlikely to be the source of increased anthropogenic
dust, as the presented sedimentary archives which more definitely record East Asian dust (the
Motianling peat core from north-east China and the Mount Logan ice core from the Yukon on
the west coast of Canada) imply that there was no major change in Asian dust emissions
coincident with the increasing dust recorded in Greenland. Consequently, the statistically
significant increase in dust deposition in Greenland does not appear to be Asian in provenance
and instead is more likely to be Saharan as the timing of increasing dust loads in Greenland, from
the late 1700s CE, is consistent with landuse change and corresponding increased dust emissions
from North Africa (Mulitza et al., 2010). In addition, there is also potential that European sourced
dust has contributed to the increase in dust load in Greenland ice, i.e. from novel dust sources
associated with increased industrialisation of agriculture in Europe. The potential for European
sourced dust is evidenced by the increasing transport of Western European Pb to Greenland
after 1750 CE (Hong et al., 1994; Marx et al., 2016; McConnell et al., 2002), although it is noted
that Europe is a very minor dust source. Use of detailed geochemical fingerprinting may allow
the source of this increasing dust in Greenland after approximately 1770 CE be established
unequivocally.
By contrast to ice cores from north-eastern and central Greenland, the 20D ice core from
southern Greenland (Kang et al., 2003) records a later onset of increased dust deposition at 1945
CE. This later timing implies the dust deposited in this record has a different provenance. The
timing of change in this record more closely reflects the history of landuse change from East Asia
from the early to mid-Twentieth Century, suggesting East Asia maybe the source of this dust. As
previously discussed, East Asia has been argued to be the major source of dust to Greenland
over the late Pleistocene and Holocene (Biscaye et al., 1997; Bory et al., 2003) and the timing of
increased dust in 20D accords with the history of major landuse change in Asia and the
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sedimentary archives directly downwind from these sources (the Motianling peat core and the
Mount Logan ice core), as discussed below.
There are only two sedimentary archive records from eastern North America that fitted the
criteria for inclusion in this compilation. These are the Point d’escuminac peat core in New
Brunswick, Canada and an ice core from Baffin Island, Canada. Both locations are remote from
the main North American dust sources (either side of the central/southern Rocky Mountains)
and associated dust plume trajectories (Muhs, 2013). The Point d’escuminac peat core record
displayed a significant increase in dust after 1920 CE. North America experienced relatively small
scale anthropogenic disturbance from commercial agriculture following European settlement on
the east coast in the 17th Century. However more significant human impacts occurred from the
mid-1800s CE following the invention of the steel plough by John Deere in 1838 CE and the
opening of the transcontinental railroad in 1869 CE (Montgomery, 2007a). These changes
facilitated migration to central and western areas of North America and large scale farming of
the prairies. The associated landuse change resulting from agricultural expansion resulted in
increased wind erosion and dust storms, which culminated in the infamous American dust bowl
years of the 1930s CE during prolonged severe drought conditions (Cook et al., 2009). The
entrainment of dust during the dust bowl occurred largely from novel dust sources, located east
of natural dust sources around the Rocky Mountains. Over the Quaternary much of the region
affected by the dust bowl had largely been a dust sink, accumulating extensive loess mantles
(Muhs, 2013), which then became exposed to wind erosion following anthropogenic disturbance
and drought (Cook et al., 2009). These changes are also recorded in additional lake cores from
the San Juan Mountains, Colorado, which implied increasing dust flux from 1850 CE by
comparison to the preceding 5000 years (Ballantyne et al., 2011; Neff et al., 2008). However,
these lake core records did not meet the criteria for inclusion in this compilation. Although
remote from the main dust transport pathways, the Point d’escuminac peat core may still be
responding to these landuse changes with dust transported over the site during unusual airmass
trajectories, e.g. during one major dust storm in the Dust Bowl era, dust was transported over
Chicago, New York and Washington DC in 1934 CE (Montgomery, 2007a). Peak dust deposition
in the Point d’escuminac core broadly overlaps with the North American dust bowl event
(Kylander et al., 2009). Further north, the Baffin Island ice core did not record a change in dust
emissions after 1750 CE, implying it remained largely remote from dust transport trajectories.
The timing of the onset of anthropogenic dust emissions from arid and semi-arid regions in East
Asia dates from the early to mid-20th Century in the compiled records. Changing dust loads are
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recorded in a peat core from Motianling, northeast China and in an ice core from Mt Logan, the
Yukon, Canada. These display a statistically significant increase in dust deposition (a regime shift)
from 1920 CE and 1907 CE, respectively. The timing of increasing dust emissions reflects
changing landuse patterns in China. That is, following the first Sino-Japanese war in 1895 CE and
the Xinhai Revolution in 1911 CE, China underwent rapid social and economic reforms. This
included expansion of the rail network and mining and manufacturing industries (Hsü, 2000) and
resulted in extensive introduction of western industrial technology to China and enlargement of
cities. These changes both facilitated and necessitated expansion of agriculture, which appears
to be recorded as increasing dust deposition from the early 1900s CE in these two records. More
significant landuse change occurred in China from the 1950s CE onwards. This included rapid
expansion into arid/semi-arid northern and western China during the Great Leap Forward
(Sokolik et al., 2013). For example, 70 million migrants moved to north-west China in 1959 alone
(Ta et al., 2006). These changes are evident in the Mt. Logan core as a broad increase in dust
deposition during the mid-20th Century (Osterberg et al., 2008). Further evidence of changing
dust loads is indicated by two additional lake cores from the Qaidam Basin in north-western
China which may indicate increased dust flux in the 20th Century (Chen et al., 2013; Wan et al.,
2016), although neither record meets the criteria for inclusion in this compilation.
Dust emissions from Central, Southern and Western Asia (i.e. the Indian Sub-continent, central
and south west Asia and possibly even the Arabian Peninsula) (Kaspari et al., 2009; Thompson
et al., 2000) are potentially captured by a series of three ice cores from the Himalayas. These
regions experienced rapid landuse change from the mid-20th Century. The USSR brought large
swathes of central Asia into agricultural production through its Virgin Lands Scheme beginning
in the 1950s CE (Goudie and Middleton, 1992). This included major changes to surface hydrology
through the construction of canals and use of water for irrigation schemes and resulted in
increasing desiccation of central Asia’s terminal lakes (Bai et al., 2011), exposing wind-erodible
sediment and leading to frequent dust storms (Gill, 1996). For example, the rapid decline in the
area of the Aral Sea from >67,000 km2 in 1960 CE to approximately 12,000 km2 in 2011 CE is the
most well documented of these hydrological changes, resulting in exposure of around 55,000
km2 of sediments to wind erosion (Micklin, 2007). In the Indian sub-continent, the rapid
expansion of the railways in the late 19th century led to large scale deforestation, while
population growth and associated increases in grazing and cultivation following Indian
independence in 1947 CE resulted in an increased incidence of dust storms (Goudie, 1983).
These changes appear to be recorded in all three of the Himalayan ice cores from the mid-20th
Century. Of the three, the Mount Dasuopo core displays the earliest regime shift in dust
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deposition in 1924 CE, when dust deposition increased by 1.8 times, while both cores from the
Rongbuk Glacier on Mount Everest show close agreement recording regime shifts to increased
dust deposition just 3 years apart in 1968 and 1971 CE by 1.5 and 2 times, respectively (Fig. 3,
Table 1).
4.1.2

Sedimentary records of changing dust emissions from the Southern Hemisphere

In the Southern Hemisphere the major arid and semi-arid regions include much of central and
south eastern Australia, notably the Lake Eyre and Murray-Darling Basins, extensive dust source
areas in the lee of the Andes across Patagonia and in northern Chile/Argentina and Peru in South
America, as well as the major deserts of western southern Africa (Ginoux et al., 2012; Prospero
et al., 2002; Washington et al., 2003). The major Southern Hemisphere dust source regions are
thought to emit similar amounts of dust to each other. Annual dust emissions from Australia are
estimated to be 47 – 63 Tg/yr, while 54 – 79 Tg/yr of dust are estimated to be emitted from
South America, and 25 – 51 Tg/yr from Southern Africa (Ginoux et al., 2012, 2001). There are,
however, few sedimentary records that met the criteria for this compilation directly downwind
of these sources (Fig. 3). For example, there are no known suitable archives that record southern
African dust emissions prior to, and following, the onset of commercial agriculture. The majority
of suitable Southern Hemisphere sedimentary archives come from Antarctica. Although
Antarctic ice cores preserve some of the highest resolution dust deposition records, interpreting
these records can be complicated due to their remoteness in comparison to the Southern
Hemisphere dust sources and because there is potential for transport from multiple dust source
areas across the Southern Hemisphere to a specific ice core location. Therefore, dust sources to
Antarctica are likely to be mixed and seasonal (Bory et al., 2010; Koffman et al., 2014). In general,
however, the West Antarctic is likely to receive mainly Australian dust, while the East Antarctic
is thought to be dominated by South American dust (Bory et al., 2010; Li et al., 2008; McGowan
and Clark, 2008; Neff and Bertler, 2015).
Sedimentary archives that record changes in Australian dust emissions include a peat core from
the Snowy Mountains, NSW, Australia, as well as a number ice core records from West and East
Antarctica which may contain Australia dust. The Snowy Mountains peat record was retrieved
directly downwind of the Murray-Darling Basin, Australia’s major agricultural region. It shows a
statistically significant change in dust deposition at 1870 CE (AEFA = 4.2). This coincides with the
clearing of the western and more arid part of the basin for agriculture and an expansion of
human activity in the source region supplying dust to the peat core (Marx et al., 2014b).
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Documented reports of major dust storms were common from this region during the expansion
of agriculture into natural (wild) landscapes (Cattle, 2016; Marx et al., 2014b; Marx and
McGowan, 2005). These changes may be reflected in both the Siple Dome ice core, Antarctic,
which records a change point in dust deposition from 1833 CE (Data obtained from: CCI –
University of Maine) and potentially the WAIS core, although it records increased dust
significantly later, from 1949 CE (however WAIS could also record significant South American
dust input).
Changes to the Australian landscape and its effect on dust emission have been well documented
(Marx et al., 2014b). Between 1820 and 1850 CE the pastoral industry led economic
development in Australia, for example by 1860 CE there were almost four million cattle and
more than 20 million sheep in Australia as well as about one million acres of land under cropping.
The fast growth of agriculture continued in to the 20th century; by 1906 CE this had increased to
9.5 million cattle, 83.5 million sheep and 9.5 million acres of cropped land (Australian Bureau of
Statistics (ABS), 2012). This rapid change in landuse from native vegetation to commercial crops
and grazing pastures for livestock, as well as the introduction of hard hooved stock (Australian
native fauna have soft feet) and a rabbit plague, led to a series of major land degradation events
across semi-arid Australia in the 1890s and 1960s CE (Mckeon et al., 2004). These were often
exacerbated by multi-year droughts and over-stocking of animals, significant wind erosion and
dust storms (McTainsh et al., 2007).
The Siple Dome ice core in the West Antarctic is located in a position where it would be expected
to receive predominantly Australian sourced dust, however, there is a 40-year difference in the
timing of increased dust at Siple Dome and the Snowy Mountains peat record. That is, Siple
Dome displays a regime shift to increased dust flux after 1833 CE. This difference may reflect the
wider region from within Australia from which dust in the Siple Dome core is sourced and/or the
greater sensitivity of the Siple Dome ice core for recording change. For example, the first exports
of wool from Australia occurred in 1807 CE, (Australian Government, n.d.), implying that
anthropogenic dust emissions could have occurred from this time, albeit likely on a small scale
as more wind erosion prone lands were not developed for agriculture until after 1850 CE
(Henzell, 2007). Consequently, this history of anthropogenic dust emissions in Australia may
predate the major change in dust emissions from the Murray-Darling Basin recorded in the
Snowy Mountains core.
In southern South America, evidence suggests that increased human disturbance occurred in
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Patagonia from after 1600 CE, as evidenced by elevated accumulation rates of aeolian sediments
in Tierra del Fuego (Coronato et al., 2011), decreasing fire return intervals and the introduction
of invasive plant species in the southern Andean forelands (Huber and Markgraf, 2003). The first
detectable evidence of the impact of European explorers in the region is from around 1840 CE
when permanent settlements were established (Haberzettl et al., 2006). Sheep were introduced
to Patagonia in 1876 CE and the ranching industry continued to expand until the number of
sheep peaked in 1952 CE at 22 million (Aagesen, 2000).
No available data from sedimentary archives within Patagonia itself were able to be found which
meet the criteria for inclusion in this compilation. Despite this, both the Law Dome record
(Souney et al., 2002), in particular, and the Siple Station ice core (Mosley-Thompson et al., 1990)
are likely to record the clearest signal of dust emissions from Patagonia, while in addition the
Mt Erebus ice core (Rhodes et al., 2012) has the potential to record Patagonian dust. The Law
Dome ice core records a significant increase in dust from 1828 CE. This implies that South
American dust emissions increased by 1.2 times from this time. However, the Siple Station ice
core does not show a significant change in dust deposition until after 1927 CE, which is more
similar to the WAIS core (1949 CE). The exact reasons for the later timing of these two records
is unclear although it may reflect the surge in livestock numbers that was occurring in Patagonia
during the first half of the 20th Century, or even the ‘Dust Bowl’ event that took place further
north in the Argentinean Pampas between the 1930s – 1950s CE (Bernardos et al., 2001; Viglizzo
and Frank, 2006). It is noted that the timing of these changes happens within a period of ongoing
landuse change and degradation in arid and semi-arid lands across the Southern Hemisphere
continents, which would be expected to result in increased dust transport to the Antarctic. The
increase in dust flux recorded by the presented cores is further supported by results from
additional ice cores which did not meet the criteria for inclusion in this compilation. These
include Fe data (i.e. as supplied by dust) from a series of cores and snow pits around Law Dome,
which shows Fe was four times higher in the 1920s CE than at any time since the LGM (Edwards
et al., 2006), an ice core, from James Ross Island, Antarctic Peninsula, which records a doubling
of Al concentrations over the 20th Century (McConnell et al., 2007), and an ice core from Taylor
Dome (with a 25-year resolution) which shows a five times increase in calcium deposition since
1925 CE when compared to the previous 7000 years (Mayewski et al., 1996).
The Mt Erebus ice core from the Ross Sea (Rhodes et al., 2012), which has the potential to record
both Australian and Patagonian dust emissions, shows a statistically significant decline in dust
(AEFA = 0.4) after 1803 CE. It is the only one of the 25 compiled records which displays a decline
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in dust flux since 1750 CE. Dust deposited within the Mt Erebus ice core is considered to be
locally sourced (Rhodes et al., 2012). The decline in dust after 1803 CE has been attributed to
changing local wind regimes at the end of the Little Ice Age (LIA). Stronger katabatic winds
resulted in increased local dust entrainment from the dry valleys during the LIA (1500-1800 CE),
while after the cessation of the LIA reduced wind speeds resulted in reduced dust flux (Rhodes
et al., 2012). In addition to this, there is one other Antarctic ice core eligible for this compilation,
Spresso (Data obtained from: CCI – University of Maine), which records no significant change in
dust flux after 1750 CE.
Dust emissions from source areas in the northern Andes of Argentina, Chile and Peru (The PunaAltiplano) in South America are potentially recorded by ice cores extracted from the Quelccaya
Ice Cap in Peru. Of the three cores that qualify for inclusion in this study, only one records a
significant change in dust emissions after 1750 CE. The Altiplano has experienced significant
disturbance over the last two millennia, with evidence for increased dust emissions as a result
of human landuse around lake Titicaca occur from as early as 600 CE (Thompson et al., 1988),
and elevated Pb deposition in regional ice caps beginning with the arrival of Spanish Colonialists
in 1540 CE and accelerating in the 20th Century (Uglietti et al., 2015). The lack of response in two
of these records, and the very recent signal in the third, is largely attributed to the position of
these ice cores in relation to dust transport patterns, i.e. these cores are not recording broad
scale regional landscape changes, but rather more localised disturbance on the Altiplano (see
section 4.1.3 for further discussion). The discrepancy between the Quelccaya records may be
explained by the fact that only the record displaying a regime shift in mean dust deposition (in
1976) extends in to the 21st Century CE, while the other two records end in 1984 and 1990
respectively. Hence, the shift recorded in one of the cores may well have occurred too late to
have been registered in the other two. Despite this, an additional ice core from Mt. Huascaran
in the Peruvian Andes, which did not meet the criteria for regime shift analysis, displayed
significant increases in dust flux between the mid-1960s and 1993, when compared to the
previous section of the core covering the last half millennium (Thompson et al., 1995).
There were a number of Pre-Columbian civilisations in Central and South America, and human
activities including deforestation (Cook et al., 2012), irrigation, agriculture (Lentz, 2000), and
mining (Cooke et al., 2011) are well documented. It is possible that pre-Columbian
anthropogenic disturbances may have exacerbated wind erosion. Additionally, disease and
violence as a result of European colonisation may have driven population collapse between 1500
– 1750 CE, resulting in lower dust emissions during that period.
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4.1.3

Sedimentary archives which show no record of anthropogenic dust

Of the 25 compiled sedimentary archives, eight do not show evidence of statistically significant
changes in dust emissions that can be ascribed to anthropogenic activity after the Industrial
Revolution (1750 CE). Despite this, some of these records do show recent increases in dust
deposition, however. Of these eight archives, five were retrieved from remote, high altitude
areas (i.e., three from Tibetan Plateau (TP) and two from the Peruvian Altiplano), the world’s
two most extensive high-altitude plateau areas (Gaiero et al., 2013).
High altitude plateau regions are known to experience complex meteorological conditions,
implying there is limited opportunity for dust transport to these regions from surrounding
landscapes. The TP splits atmospheric circulation, and experiences seasonally variable wind
regimes (Kang et al., 2003). Consequently long-range and regional dust transport and deposition
to the TP is thought to be minor in comparison to the contribution of local dust sources (Zhang
et al., 2001), as reflected by the Puruogangri ice core (Thompson et al., 2006). Geochemical
analysis of the provenance of dust deposited in a peat core from the eastern edge of the TP
further indicates that dust is not transported over the plateau from dust sources to the west.
Rather dust deposited in that core is derived largely from local TP soil, with some dust input
from the Chinese deserts to the north and east, reflecting the core’s position on the eastern
margin of the TP (Ferrat et al., 2012). As previously discussed however, the major dust source
areas surrounding the TP have undergone significant anthropogenic change. These regional
scale landuse changes are recorded in other records presented in this compilation, i.e. from
Everest, Dasuopo, Motinaling and Mount Logan, which all indicate a broad scale increase in dust
emissions across East and Central Asia by approximately two times (Fig. 3, Table 1), that is not
recorded in the TP archives.
The TP plateau itself, has also undergone landuse change over the past 40 years, associated with
population growth and expanded industrial and technological change, including changes to
agriculture. These changes appear to have resulted in increased local dust entrainment and
transport. This is suggested by the Hongyuan peat core, which records a substantial increase in
Al and Ti flux (above historical levels) in recent decades, implying enhanced local dust emissions
(Ferrat et al., 2012), however, the core chronology precludes a robust assessment of these
changes.
Like the TP, the high altitude of the South American Altiplano has also been cited as a factor
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restricting dust deposition and transport in the Andes (Thompson et al., 1995). The Quellcaya
core sites experience prevailing easterly winds sourced from the tropical lowland Amazon Basin.
Dust transport events occur predominately during the Austral winter, associated with southerly
and westerly winds (Thompson et al., 2013). Consequently, dust entrainment is considered to
be largely local (Thompson et al., 2013). Thus, it is likely that dust records from these high
altitude plateau regions mainly represent local changes in dust entrainment and transport on
the plateaus themselves and not the wider surrounding regions. Despite this, the Altiplano has
a long landuse history, which has impacted dust emissions. For example, dust pulses recorded
in Quelccaya ice from first millennia CE are ascribed to pre-Incan agriculture near Lake Titicaca
(Thompson et al., 1988). Additional to the longer history of relatively low-level human
disturbance, modern intensified landuse has occurred in the last few decades. As is the case for
the TP, this change is recorded in the most recent of the presented records, although not in the
two that finished prior to the 21st Century CE. This recent change to increased dust deposition is
also recorded in the Mt. Huascaran ice core in Peru (Thompson et al., 1995).
In addition to the five sedimentary archives from high altitude plateaus, there are three other
sedimentary archives (ice cores) included in this compilation that also don’t record any change
in dust deposition since 1750 CE. These are the Spresso core, the Penny Ice Cap core, and the
Belukah core. These records are located remote from regions of human activity and associated
dust plume trajectories. Therefore, the dust deposited in these locations is likely to be derived
from more local and undisturbed landscapes. For example, the Spresso ice core (Korotkikh et al.,
2014; Fig. 3), from close to the geographic South Pole, is distal to major SH dust sources and
trajectories (Neff and Bertler, 2015). This is shown by the fact it records only pollution from the
Amundsen-Scott Station (Korotkikh et al., 2014) rather than pollution from the major Southern
Hemisphere continents, as recorded by other Antarctic ice cores located closer to the coast
(Mcconnell et al., 2014; Vallelonga et al., 2002). Similarly, the Penny Ice Cap core from Baffin
Island, Canada (Fisher et al., 1998), appears to be remote from dust plume trajectories from
central USA, East Asia, or North Africa, which are known to affect Greenland. The Belukah core
from the Siberian Altai, does record gradually increasing concentrations of Ca and Mg, taken as
proxies for mineral dust, from the 1820s CE until the 1970s CE likely resulting from agricultural
development in the former Soviet Union (Olivier et al., 2006). However the main air mass back
trajectories influencing the site come from the north-west and, as a result, are derived from
north-eastern Europe and the Arctic (Eichler et al., 2012). These regions are not known dust
sources, therefore it is unsurprising that dust events are rarely recorded in the core (Olivier et
al., 2006).
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4.2

Other studies types documenting anthropogenic dust emissions

The core data, which suggests that human activities are likely responsible for the recent increase
in dust flux, is further supported by evidence from 33 separate additional studies. This includes
Airborne Sediment Sampling (ASS) studies, Meteorological Station Observations (MET), Satellite
Observations (SAT), Modelling Studies and Observational Reviews. While these all provide
further evidence of the role of anthropogenic activity in driving enhanced dust emissions and
can be used to give an impression of the scale of human impacts, they are not without
limitations. In addition, there is a paucity of data across many key dust producing landscapes
(Fig. 6).
The AEFA (Fig. 7) of the supporting empirical study types (i.e. excluding sedimentary archives)
increases as the temporal and spatial scale of the study type decreases (Fig. 5). ASS studies which
tend to cover spatial scales on the order of kilometres and time periods of monthly (e.g. Li et al.,
2005) to multi-year (e.g. Belnap et al., 2009) length, record the greatest AEFA values. MET
studies spatially covering local regions and lasting years to decades have a lower average and
range of AEFA estimates, while spatially global SAT studies occurring over decadal time scales
have the smallest average and range of AEFA estimates. This contrasts with the previously
discussed sedimentary archives that cover the largest temporal scale (decades to millennia) and
are subject to deposition from regional to global scale dust transport.
Three of the five ASS studies were undertaken in the western USA, a region for which there were
no qualifying sedimentary core studies available. Although they all indicated an increase in dust
flux associated with human activities, the three studies yielded quite different results, with AEFA
values ranging from 1.2 on lightly farmed land (Reheis and Kihl, 1995) up to 117.1 on heavily
grazed land during drought years (Belnap et al., 2009). Dissimilar study designs may have
contributed to the large difference in AEFA values between these studies, but the significant
increases in dust flux as a result of human disturbance show that a factor of 4.9 to 8.8 increase
in dust deposition in the 20th Century found in lake cores from the Rocky Mountains of Colorado
(Neff et al., 2008) is very plausible.
ASS studies have the ability to investigate dust flux at high spatial and temporal scales (Fig. 5),
while also being relatively easy to deploy. ASS allow the response of two or more similar plots
of different landuses to be compared during largely identical climate conditions. Additionally,
collected material can be geochemically analysed to fingerprint its source (Marx et al., 2014a).
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However, results of ASS studies is dependent on the relative proximity of samplers to dust
sources and, as they are often short term studies, weather conditions during deployment.
Consequently, the large variance in AEFA shown by ASS studies may be attributable to the timing
of initial anthropogenic disturbance versus the timing and duration of the study (i.e. these ASS
deployments ranged from 2 months (Li et al., 2005) to 9 years (Belnap et al., 2009)).
Alternatively, or in addition, they may reflect different landscape sensitivities/climate patterns
within the temporal window in which the study was undertaken, or study design (e.g., the spatial
area of study, and/or positioning and number of samplers). The lack of standardisation of
sampling apparatus type and positioning across studies also makes direct comparisons difficult.
This appears to have influenced the high AEFA values (5.3 – 46.7 (Li et al., 2005) and 7 – 49.1 (Li
et al., 2003)) of the two ASS studies from north-west China, as each used customised low level
collectors. Regardless of these complications, the presented ASS studies clearly show the
impacts of land disturbance in contributing to enhanced dust emissions.
Of the 8 MET studies, seven are located in central and East Asia, while one is found in the
western Sahel of North Africa (Fig. 6). With the exception of one study investigating dust days
directly downwind of the rapidly desiccating Lake Ebinur in north-west China (where dust days
increased by 10 – 40 times between the 1960s CE and 1990s CE (Abuduwaili et al., 2008)), the
six other Asian MET studies provided relatively consistent AEFA values of 1.3 - 5.5. Those studies
were undertaken within the major dust sources and transport pathways in north western China
(Fig. 3) over durations of 26 – 60 years. They record exceptional 20th Century increases in dust
event frequencies. This increase in dust is also apparent in a roughly doubling of aluminium
concentrations between 1960 – 1990 CE in a 50-year long ice core from Muztagh Ata in northwest China (Li et al., 2006).
The one North African study resulted in an AEFA of 4.1 – 5 (Niang et al., 2008). This is similar to
the upper estimates of increased Asian dust from MET studies. Results from the Sahel MET study
(Niang et al., 2008) support the acceleration in dust deposition recorded by the Mauritania
Canyon core during the late 20th Century (Mulitza et al., 2010). Further evidence for changing
dust emissions from North Africa comes from a long running ASS study from Barbados (Prospero
and Nees, 1986). That study records a similar magnitude change in North African dust emissions
since the late 1960s. Because the Barbados record does not have a baseline period against which
to compare recent increases in dust output it was not included in the compilation of ASS data.
Nevertheless, it provides supporting evidence of changing dust output from North Africa and
indicates a four-fold increase in dust deposition between the 1960s and 1980s. (Mahowald et
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al., 2002; Prospero and Nees, 1986). This change in dust emissions has however largely been
attributed to prolonged drought conditions in the Sahel (Prospero et al., 2002), and / or a more
southerly position of the ITCZ (Doherty et al., 2012). Anthropogenic disturbance has also been
attributed as contributing to this increased dust deposition (Mahowald et al., 2002).
There are a number of difficulties associated with comparing MET studies to other records of
changing dust. MET studies record event frequencies, but not mass of material transported. In
addition, events are generally recorded as days/year where any event within a single 24-hour
diurnal cycle is recorded as 1 dust day. This could be problematic when quantifying change, as
frequency does necessarily equate with mass. In addition, as with other shorter duration studies,
climate variability is more likely to influence results. As MET networks are not set up to
specifically examine human impacts on dust, station location is seldom optimal. Although there
are approaches to account for some of these issues (e.g. O’Loingsigh et al., 2015), these have
not been applied to the studies examined here. Significantly, in most cases, MET stations are
installed after initial landuse disturbance. Therefore the results of MET studies imply that
landscapes remain vulnerable to wind erosion from human activity, even after initial
disturbance., i.e., MET networks can be used to map changes in dust emissions as landuse
changes though time.
Four SAT studies were found which directly examined human effects on dust emissions. These
allow a broad scale assessment of human impacts at global to regional spatial scales. Although
SAT studies have the ability to cover the largest spatial area of any of the compiled study types,
they are constrained temporally to the period in which ground and atmospheric monitoring
satellites have been operational (i.e. approximately <35 years, with high temporal resolution
imagery available since the 1980s CE). Consequently, they are less appropriate for measuring
long-term temporal change in dust emission but are useful for comparing dust emissions from
wild and disturbed landscapes.
The validity of comparative satellite studies for quantifying anthropogenic dust emissions rests
on the assumption that natural and disturbed dust sources can be accurately identified. The
setting of land disturbance thresholds (i.e. what proportion of the area unit used in a study must
be disturbed for that area unit to be considered disturbed) has varied from 5% (Tegen et al.,
2004) to 30 % (Ginoux et al., 2012). Classification of dust sources also has the power to
considerably change the results. For example, in their global assessment Ginoux et al., (2012),
classified land surface into natural and disturbed categories. Included in the natural classification
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were hydrological sources, which included ephemeral lakes and river systems. However, as
previously discussed the hydrology of lakes has been substantially altered by humans, therefore
some lakes can now be considered anthropogenic dust sources. Similarly intensive human
landuse often occurs around hydrological features, increasing dust emissions from these
environments. In addition to the difficulties associated with classifying landuse, SAT studies can
also suffer from difficulties in sourcing dust plumes within the atmosphere to specific landuse
types, while dust identification is limited to cloudless daytime conditions.
Despite difficulties affecting the use of remote sensing to examine anthropogenic dust
emissions, satellite data can also be used in different ways which can overcome some of these
problems. For example, in northern Patagonia SAT imagery and aerial photographs were used
to compare the number of blowouts occurring in dune fields under different levels of grazing
pressure. It was found that paddocks undergoing heavy grazing developed 2 – 2.3 times more
blowouts than lightly grazed paddocks (Blanco et al., 2008). Similarly, in North Africa SAT data
was used to measure dust optical thickness from the Sahel region between 1979 – 2000 CE.
Results showed a likely doubling (AEFA = 2) in total background dust from degraded agricultural
landscapes in the Sahel, while the major natural dust source, the Bodélé depression, showed no
change (Moulin and Chiapello, 2006).
Overall the results of SAT studies tended to match estimates of anthropogenic dust emissions
determined by sedimentary archives. Globally averaged SAT studies produced a similar AEFA to
that of averaged sedimentary archives, i.e. 2 - 3.6 versus 2.1 (Fig. 7). Similarly, estimates of
changing dust loads in the Sahel (Moulin and Chiapello, 2006) are comparable to results from
the Mauritania Canyon core, which displays a slightly less than doubling of dust deposition
during the 20th Century (Mulitza et al., 2010). In addition, a SAT study from west Texas, USA (Fig.
6, Triangle) produced AEFA values of 1.7 – 14.3, in a similar range to the north American ASS
studies.
Modelling studies can be simulated over very different time-scales and therefore have the
potential to examine dust at scales of < and >100 years. They also differ from the other study
types in that they are based upon a theoretical understanding of dust emissions, albeit
underpinned in many cases by empirical studies. Models often rely on satellite data to define
parameters and therefore contain the same uncertainties about how disturbed lands are
defined (e.g. Ginoux et al., 2012; Tegen and Fung, 1995). In addition models also suffer from
uncertainties arising from incorporating the impact of changing climatic conditions (Mahowald
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and Luo, 2003). Models are often used to compare multiple different scenarios, with varying
degrees of complexity and conformance to observed parameters. As such, model outputs are
highly dependent on the accuracy and comprehensiveness of input variables, and model results
must be understood in this context.
AEFA values produced by models compiled for this study were lower than those provided by all
other studies types (1.3 - 1.8, Fig. 7), suggesting critical elements of the effect of human activity
on dust emissions may be missing, e.g. either input data is insufficient, or our understanding of
processes by which humans influence dust emissions is incomplete or is not easily incorporated
into models. For example, two modelling studies looking at the contribution of disturbed land
to dust flux from North Africa since the 1960s CE place human related increase at a factor of 1 –
1.5 (Yoshioka et al., 2005) and 1.3 – 1.7 (Mahowald et al., 2002), respectively. These estimates
are conservative compared to observed dust increases in SAT and sedimentary core studies from
North Africa. This apparent underestimation is also noticeable in the AEFA results from
modelling studies from Asia, 1.1 – 1.4 (Gong et al., 2004) and Australia, 1.5 – 2.4 (Aubault et al.,
2015; McTainsh et al., 1990).
5.

Summary and implications

In combination, the compiled sedimentary archives displaying a statistically significant change
in dust, imply that dust emissions have increased by a factor of two since the Industrial
Revolution. This result was recorded across 16 independent sedimentary archives located
around the Globe. The magnitude of the change, i.e. the Anthropogenic Emission Factor
Anomaly (AEFA) shows little range across these studies, ranging between 1.7 and 3.8 in the
Northern Hemisphere and 1.2 and 4.2 in the Southern Hemisphere. This small range (1.2 – 4.2;
mean = 2.3) implies that regardless of the geographical region, human disturbance has had a
similar magnitude of impact, i.e. changes in dust emissions do not range over orders of
magnitude. This suggests that the dust producing regions (largely semi-arid lands) converted to
agriculture, experience a similar magnitude of response in dust emissions when disturbed.
However, it is important to note that a similar factor change (AEFA value) in dust emissions can
represent a very large difference in absolute increase of the mass of dust emissions between
stronger and weaker source regions. That is, the same magnitude change in dust emissions from
North Africa, which in modern times is the World’s largest dust source (659 – 840 Tg/yr), and
Australia with modern dust emissions estimated at 47 – 63 Tg/yr, would result in a much greater
total mass of additional anthropogenic dust emitted from North Africa than from Australia.
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Higher magnitude changes are recorded in archives located closer to dust sources, e.g. the
Mauritania Canyon downwind of the Sahel, North Africa, has a AEFA of 3.8 while the Snowy
Mountains peat core, downwind of Australia’s Murray-Darling Basin, has an AEFA of 4.2. These
are the highest AEFA recorded in the Northern and Southern Hemisphere respectively. By
comparison dust emissions recorded in the Polar Regions in Greenland and the Antarctic record
an average increase of 1.7 and 2.1, respectively, reflecting their more distal location from dust
sources and more irregular dust plume trajectories.
There were a number of sedimentary archives (n=8) that indicated no statistical evidence of
increased dust flux during this period. These were located either in high altitude plateau regions
(the Tibetan Plateau or the Altiplano) and therefore trap largely localised dust, or were located
in locations considered remote from dust transport trajectories (e.g. remote central Antarctica;
Spresso, CCI-University of Maine). One of these records also indicated a recent increase in dust
flux, although this change was too recent to be statistically significant, while two more showed
consistent increases since 1750 CE but which did not register as regime shifts due to variability
earlier in the records. It is also of importance that very few of the 25 presented studies had the
explicit aim of investigating Anthropogenic effects on dust emissions, and therefore are not
necessarily in the optimal locations to achieve this, nevertheless increasing dust flux was
apparent in the data from these various investigations.
The geographical range over which the compiled sedimentary archives record increased dust,
i.e. from the Artic to the Antarctic, implies that there has been a broad-scale increase in the
atmospheric dust loading over the past ~270 years across the globe. However, the current set
of sedimentary archives is spatially inadequate to fully quantify the magnitude of change in dust
emissions since the Industrial Revolution. Key regions lack data, e.g. southern Africa, while the
number and location of studies from almost all other key dust producing areas is inadequate,
e.g. there are no studies that are appropriately located to capture the main North American dust
sources. Despite this, results from the sedimentary archive studies is supported by analysis of
other study types (n=33). These also provide evidence of changing dust emissions associated
with human activity. None of these other study types have the temporal length to allow the
magnitude of dust emission change to be calculated by comparison to a reliable baseline (Fig.
5), or to rule out effects of other factors, such as climate variability in driving changing dust
emissions (with the exception of modelling studies). Consequently, these other study types, all
suggest higher AEFA than sedimentary archives, often with a broader range of estimates (Fig. 7).
Nevertheless, they provide further evidence of the impacts of landuse change on dust emissions.
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Overall, despite the limited dataset, the presented records overwhelmingly indicate that a
change in dust entrainment, transport and deposition has occurred after 1750 CE, by
comparison to dust flux recorded during the late Holocene. This change, i.e. the estimated
doubling of dust emissions after the beginning of the Industrial Revolution, is within the range
(approximately 2 - 4 times) of variability seen in glacial cycles (Kohfeld and Harrison, 2001;
Mahowald and Luo, 2003). The significance of that comparison is that the LGM is considered the
largest climate/landscape change over at least the last 150 Ka, associated with sea levels ~120
m lower than present and ice sheets covering around 25 % of the global land surface, i.e. leading
to major geomorphic reorganisation of systems. If anthropogenic landuse change resulted in a
similar magnitude of dust emissions to that of the LGM, then the impact of this change deserves
significant scientific attention.
The causes of this change in global dust flux after 1750 CE appears attributable to changing
landuse patterns, in particular the adoption of industrial modes of agriculture across the globe
following the Industrial Revolution. Both increased production on existing lands and the
conversion of wildlands (e.g. the North American Prairies) to agricultural landscapes was
facilitated by technological change associated with the Industrial Revolution, e.g.,
establishment of railways, the invention of tractors and the development of fertilisers between
the late 18th and mid-20th Centuries. Consequently, following the onset of industrial-scale
agriculture, dust emissions increased from both semi-arid or arid landscapes in which agriculture
had a long pre-Industrial history, e.g. the Sahel (Mulitza et al., 2010), and from the development
of new lands. Conversion of wildlands to production occurred on a massive scale following the
Industrial Revolution, i.e. 5 % of the global surface was developed for human use at 1700 CE
compared to 55 % by 2000 CE (Ellis et al., 2010). This included the colonisation and introduction
of industrial scale agriculture and intensive livestock grazing to Australia and Patagonia
respectively, the early economic development of which was closely tied to the production of
agricultural products for Europe. Expansion of agriculture appears to have had the unintended
consequence of doubling dust emissions.
The timing of the onset of anthropogenic dust emissions has unsurprisingly varied as a function
of the timing of landscape change. Landscapes which were developed earlier for industrial
agriculture, e.g. Australia (Marx et al., 2014b) and North Africa (Mulitza et al., 2010), recorded
an earlier onset of increased dust emissions (i.e. 1870 and 1800 CE), compared to later timing of
adoption of industrialised agriculture in the arid zones of Central and East Asia (1907-1971 CE:
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Bao et al., 2012; Kang et al., 2003; Kaspari et al., 2009; Osterberg et al., 2008; Thompson et al.,
2000). Even following the onset of enhanced anthropogenic dust emissions, many of the
presented sedimentary archive studies and the other supporting study types record further
changes associated with, either continued agricultural expansion, or landuse management
change.
It is probable that the increase in dust emissions since the start of the industrial period has had
a significant impact on the Earth’s climate and biogeochemical cycles. An obvious implication of
doubling of dust emissions is the corresponding loss of soil which may limit ecosystem viability
and agricultural sustainability. At millennial time scales, loss of soil (by wind or water) has been
linked to the demise of civilisations (Lal, 1998; Montgomery, 2007a, 2007b), while on
contemporary time-scales, it has been linked to reduced productivity in agricultural systems
(Brown, 1991; Lal, 1998; Pimentel, 2006; Pimentel et al., 1995). For example, in one study it was
hypothesised that declining dust flux may represent the net loss of easily erodible soil following
a century of anthropogenically enhanced wind erosion (Marx et al., 2014b). Soil security has
emerged as a global sustainability issue (McBratney et al., 2014), therefore reducing soil loss via
dust emissions is an important component of maintaining agricultural sustainability. One
positive however is demonstrated by the example of the Snowy Mountains peat core from
Australia, which appears to record a reduction in dust flux from the 1980s CE. This matches the
broad-scale implementation of soil conservation measures in Australia (Marx et al., 2014) and
implies strategic land management practices can play a major role in reducing wind erosion and
soil loss.
While wind erosion is linked to negative consequences in agricultural landscapes in dust source
areas, the role of dust in Earth’s systems is complex (e.g. see Marx et al., 2018, Fig.1). Dust
deposition is an important contributor of nutrients in many environments and consequently
contributes to soil production and ecosystem productivity in dust receiving environments, most
notably in High Nutrient, Low Chlorophyll (HNLC) oceanic waters (Jickells et al., 2005) and other
nutrient limited environments, such as the Amazon Rainforest (e.g. Bristow et al., 2010).
Because increased productivity is linked to CO2 drawdown, the impact of enhanced dust may be
beneficial in some settings. The impacts of this extra dust component may also have a range of
effects within Earth’s climate system, e.g. influencing atmospheric temperature (Huneeus et al.,
2011). Consequently, the impacts of the change in dust load associated with anthropogenic
activity necessitates further investigation.
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Chapter 3
A new late-Holocene dust record tracking the environmental response to
changing moisture regimes and anthropogenic disturbance in the PunaAltiplano of North-West Argentina
1.

Introduction

The southern Puna-Altiplano plateau sits at the climate-environmental nexus of some of the
World’s most distinct and extreme bio-regions. The high altitude Andean spine on which it sits
acts as a barrier to tropospheric circulation (Garreaud et al., 2009) between the hyper-arid
Atacama desert to the south-west and the Amazon basin to the north-east. This implies dust
emissions may sensitively map changes in regional climate dynamics. The Plateau itself host a
network of salt pans in vast intermontane basins, that attest to largescale paleo-environmental
changes in moisture regimes (e.g. McGlue et al., 2013) at the meeting point between cool, dry
mid latitude westerlies and warm, moist airmasses from the Atlantic Ocean and Amazon Basin
to the North East. As such, creating records of the climatic and environmental changes that have
occurred in this transitional zone are critical to understanding the interplay between the tropical
and sub-polar synoptic systems that dominate the South American climate, and how these affect
the regional landscape. A growing body of literature has focussed on creating climate and
environment records for the tropical and subtropical Andes using geologic archives such as lake
cores (Abbott et al., 2003; Baker et al., 2001; Bush et al., 2005; Fornace et al., 2014; Fritz et al.,
2004; Lupo et al., 2006; Placzek et al., 2006, 2013), ice cores (Liu et al., 2005; Reese et al., 2013;
Thompson et al., 1995; Vimeux et al., 2009), and speleothems (Cruz et al., 2005; Kanner et al.,
2012; Novello et al., 2016; Reuter et al., 2009). Thus, a significant collection of sedimentary
archives of climate and environmental change now exist for both the tropical Andes and further
south in Patagonia. However, there are few well preserved high-resolution sedimentary archives
available from the southern end of the Puna-Altiplano high altitude plateau, which sits beneath
the north-western end of this transition zone, bridging the gap between these two regions. This
is in part due to the existence of the ‘Arid Diagonal’ (Bruniard, 1982), a north-west – south-east
oriented zone of low precipitation extending from the Pacific coast in the north, across the
Andes between southern Bolivia and about 28° S, and continuing to the Atlantic coast at
approximately 44° S, representing the inversion of precipitation regimes over South America
(Morales et al., 2009). That is, the arid diagonal delineates the boundary of influence between
77

the winter sub-polar Pacific westerly moisture regime and the summer tropical Atlantic north
easterly moisture regime (Mancini et al., 2005). Consequently, understanding how this
transition zone might have moved over time in response to changes in the strength of the South
American Summer Monsoon (SASM) and the position of the mid-latitude Westerlies is of high
importance, but has been hindered by the absence of suitable records.
It is thought that on all time-scales ranging from seasonal to glacial-interglacial that the direction
of upper-air circulation guides climatic conditions on the Puna-Altiplano with westerly zonal flow
leading to drier conditions and easterly zonal flow promoting wetter conditions (Garreaud et al.,
2003). Dust emissions from the Puna-Altiplano are thought to be sensitive to changes in the
latitudinal position of the westerly jet over South America, and the isotopic composition of dust
found in Antarctic ice cores support greater dust emission from the Puna-Altiplano during
interglacials when drier conditions are thought to prevail (Gili et al., 2016, 2017), suggesting a
weaker SASM and more equatorward position on the westerlies during these periods. Until
recently the SASM was poorly understood, but research has begun to tackle questions regarding
its operation and variability across glacial-interglacial timescales (e.g. Fornace et al., 2014) and
more recently, during both the medieval climate anomaly (MCA) and the little ice age (LIA) (e.g.
Vuille et al., 2012). New evidence shows that both the MCA and LIA were also important events
in South America through a modified northerly / southerly position of the ITCZ resulting in a
weaker / stronger SASM respectively (Bird et al., 2011b). For example, greater precipitation at
the beginning of the LIA and cooler conditions resulted in an expansion of glaciers in the tropical
Andes (Jomelli et al., 2009) and the period saw large fluctuations in water availability on the
Puna-Altiplano (Liu et al., 2005; Thompson et al., 2013).
Dust flux records can be geochemically traced to likely source areas (e.g. Grousset and Biscaye,
2005; Marx et al., 2005a), provide insight in to relative wind energy and airmass trajectories
(Koffman et al., 2014; Petherick et al., 2009), and are useful for understanding regional scale
environmental changes (Marx et al., 2018). Despite the benefits of using dust deposition records
as a proxy for paleo-environmental change, relatively few records have been constructed (Marx
et al., 2018), especially in comparison with datasets for other paleo-environmental proxies. Dust
records can provide valuable information to help infer climate conditions such as precipitation
and moisture balance, temperature, wind speed and direction, and even surface disturbance
and vegetation change in the dust source area. Likely dust source areas can be inferred through
geochemical fingerprinting of dust deposits and therefore dust records can provide information
about regional environmental conditions, in contrast to δO18 or pollen, which track global and
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site specific changes, respectively (Marx et al., 2018). Consequently, in combination with other
environmental proxies like isotopic and pollen records, historical dust deposition can help build
a detailed understanding of past climatic and environmental changes.
Although the Puna – Altiplano has been considered a relatively minor dust source on a global
scale (e.g. Ginoux et al., 2012; Prospero et al., 2002), satellite observations have shown large
dust events originating from the region, passing over the Pampas and being deposited in Buenos
Aires (Gaiero et al., 2013). Recent research has reported that dust from the Puna – Altiplano
region is an important contributor to loess soils in the Argentinean Pampas (Bloom, 1990; Gaiero
et al., 2007; Milana and Kröhling, 2017; Smith et al., 2003), as well as a major source for dust
reaching East Antarctica (Gili et al., 2016, 2017). Despite the growing understanding of the PunaAltiplano as an important dust source in both glacial and interglacial periods very few dust
records exist for this region, and those that do are from high-altitude ice cores such as Quelccaya
(Thompson et al., 2013) and Sajama (Thompson et al., 1998). The very high altitude of these ice
caps makes them less suited for capturing dust deposition and resultantly these records are
likely to reflect relatively local environmental changes (Hooper and Marx, 2018). In the Puna –
Altiplano, peat bogs offer an alternative to ice cores, the spatial distribution of which is limited,
for capturing high-resolution dust records. Similar to ice caps, peat bogs can capture and
preserve both mineral and biological proxies such as dust and pollen. Furthermore, located
lower in the landscape, peat mires are potentially better suited for accumulating more
representative records of dust flux than high altitude ice cores. Peat cores have been used
extensively as archives of atmospheric metal pollution (e.g. De Vleeschouwer et al., 2014;
Kylander et al., 2009; Marx et al., 2016, 2014a; Shotyk et al., 2001), and have increasingly been
found to provide high quality records of environmental change (e.g. Huber and Markgraf, 2003;
Unkel et al., 2010), and dust deposition (e.g. Ferrat et al., 2012; Vanneste et al., 2015).
In this study a high-resolution multi-proxy record is presented from a peat bog at 22° S, aiming
to help fill the gap in paleo-environmental records in this critical area. The Santa Victoria Core
(SVC) site is of special interest as it is currently situated on the southern boundary of the SASM
and easterly air flow (Garreaud, 2009), and is therefore sensitive to any past changes in the
prevailing climatic conditions and atmospheric circulation over South America.
2.

Regional Setting

The core site is an ombrotrophic to minerotrophic peat bog situated in a small east-facing cirque
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at ~4300 m a.s.l., just beneath the ridgeline of the eastern cordillera of Santa Victoria province
bordering the lowlands (22.224° S, 65.097° W) (fig. 1). The peat bog has over-filled a small
depression at the top of the catchment and is unlikely to receive significant alluvial or colluvial
sediment input (fig. 2). The closest WMO weather station, 50km to the West of the core site in
the central Puna at La Quiaca (alt. 3,462m), shows a highly seasonal climate with 90% of annual
precipitation (351.8 mm) falling in the Austral Summer between November and March. Mean
temperatures at the WMO station during the Nov – Mar period are around 12°C, and the coldest
months are June and July with average temperatures around 4°C and minima down to -7°C.

Figure 1. The core site (black star) is located at ~4300 m a.s.l. in the eastern cordillera on the
edge of the Puna Altiplano (22.224° S, 65.097° W).
The core site likely receives greater moisture input than the WMO station due to its location on
the steep eastern slopes of the Andes, which see increased orographic precipitation compared
to the arid central Andean basins (Bookhagen et al., 2001; Bookhagen and Strecker, 2008).
Rainfall patterns in tropical and sub-tropical South America are dominated by the South
American Summer Monsoon (SASM), the largest monsoon system in the southern hemisphere
(Bird et al., 2011b). Rainfall on the eastern edge of the Andes is primarily derived from moist air
masses from Atlantic Ocean and Amazon Basin (Bookhagen and Strecker, 2008). The Chaco Low
is positioned to the east of the southern tropical Andes and draws moist air masses south during
the Austral summer resulting in large convective storms along the flanks of the Andes and on
the arid Altiplano (Garreaud, 2009). The Puna-Altiplano is the second largest high-altitude
plateau in the world and has a significant impact on the regional climate of South America
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(Bookhagen and Strecker, 2008; Garreaud et al., 2003). Our study site in the Eastern Cordillera
is at the wetter end of a steep precipitation gradient from east to west as the Andes and
Altiplano cause a rain shadow effect blocking low-level air flow from the east and west (Abbott
et al., 2000). The El Niño Southern Oscillation (ENSO) is the major source of inter-annual
variability over tropical and sub-tropical South America, and although the ENSO relationship
with rainfall is weak, El Niño phases see warmer and drier conditions to the central Andes, while
La Niña phases are marked by cooler and wetter conditions (Abbott et al., 2000; Garreaud, 2009;
Vuille et al., 2000).
Potential sources of dust to the SVC from the Puna – Altiplano include alluvial fans, ephemeral
lake basins, salars (salt pans), braided streams and exposed soils. In addition to these, active
dust sources have also been identified in intermontane and lowland dune fields to the south and
east of the Puna – Altiplano plateau (May, 2013; Peña-monné et al., 2015). It is possible that
dust from these sources may occasionally reach the plateau itself.
3.

Methods

3.1

Core Collection and Processing

A number of peat bogs were identified as potential sites for core extraction following analysis of
freely available satellite imagery. Peat bogs were selected due to their amenable characteristics,
including their ability to be easily dated using 210Pb and 14C radiocarbon analyses, their sensitivity
to climatic and anthropogenic changes (Schittek et al., 2016), and in the case of ombrotrophic
(rain-fed) peat bogs, their exclusively atmospheric input (Marx et al., 2018). However, limitations
of peat archives include the possibility for disturbance of depositional records due to internal
biological, chemical and physical processes, and in some cases additional sediment inputs from
alluvial or colluvial sources (Marx et al., 2018). Due to the conditions that are necessary to
support ombrotrophic peat bogs, they are confined to areas which receive and conserve enough
moisture and they tend to be limited in duration to the mid-Holocene, that is after de-glaciation.
A 58.5 cm core was collected from the selected peat bog using a 75mm diameter plastic pipe.
The pipe was inserted into the peat until it hit an impermeable basal sandy-clay layer, and was
then rotated out. In order to minimise the potential for local sediment input, the core was taken
from the centre of the peat bog.
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Figure 2. The core was taken from a peat bog that had overfilled a small depression in an eastfacing cirque. The core site is indicated by a white star.
The core was split length-ways using a core splitter, along its length into two halves and frozen
in preparation for clean laboratory processing. One half of the core was sliced while frozen at 2
- 4 mm resolution using a scalpel under cleanroom conditions. Sliced samples were weighed and
then dried in an oven at 65°C for 48 hours. The dried samples were then re-weighed to calculate
their original moisture content. Sub-samples were taken and combusted at 450°C for 12 hours
to volatise and quantify the organic component, leaving a mineral component on which to
undertake further analyses. The mineral content of the core was calculated as the mass of ash
remaining after combustion as a fraction of the dry weight of the pre-combusted sample.
3.2

Geochronology

Selected samples through the core were dated using radiocarbon and

210

Pb at the Australian

Nuclear Science and Technology Organisation (ANSTO). Additional age control was provided by
analysis of fallout radionuclides

239,240

Pu and

236

U, which form chronostratigraphic markers in

sedimentary environments.
Leaf fragments (n=6) and mixed organics (n=3) identified from within dried peat sub-samples
were extracted for 14C dating from the mid and lower sections of the core. Prior to measurement,
samples were pre-treated using an acid-base-acid treatment to remove mobile or mineral
carbon factions. This involved using sequential treatments of NCL-NaOH-HCL to remove
carbonates, fluvic and humic acids and atmospheric CO2. Samples were combusted and
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graphitised according to the ANTSO protocols (Fink et al., 2004; Hua et al., 2001) followed by
measurement by Accelerator Mass Spectrometry (AMS). Ages were calibrated using the
INTCAL13 calibration curve (Reimer et al., 2013) in the BACON Bayesian age modelling package.
Dried peat sub-samples from between 0 – 160 mm were selected for 210Pb (n=8) dating via Alpha
spectrometry at ANSTO. Supported 210Pb was determined by measuring 226Ra, while total 210Pb
was determined by measuring 210Po. In both cases these isotopes are assumed to be in secular
equilibrium with

210

Pb. Unsupported

210

Pb activity was calculated as the difference between

supported 210Pb and total 210Pb activity. Samples were spiked with 133Ba and 209Po before being
digested in HNO3, H2O2 and HCl to extract

226

Ra and 210Po from the sample matrix. Polonium-

209+210 were auto-deposited onto silver disks and counted by high resolution Alpha
Spectrometry. Radium-226 and

133

Ba were co-precipitated with barium sulfate (BaSO4) and

collected on membrane filters. Barium-133 was counted on a High Purity Germanium (HPGe)
Gamma Detector estimate, while

226

Ra activity was determined by high resolution Alpha

Spectrometry. Sediment ages were determined from unsupported 210Pb activity using both the
Constant Initial Concentration (CIC) (Robbins and Edgington, 1975) and Constant Rate of Supply
(CRS) (Appleby and Oldfield, 1978) models. Sample ages were corrected for moisture content
and dry bulk density.
Further age control was provided by for the upper section of the by analysis of the fallout
radionuclides 239,240Pu and 236U (n=8). These isotopes are derived from weapons test fallout (like
137

Cs), but have longer half-lives (i.e., 24,110 years for 239Pu and 6,561 years for 240Pu compared

to 30 years for

137

Cs (Browne and Tuli, 2014, 2007, 2006) enabling detection in far smaller

sediment masses. Samples were prepared following the protocol of Child et al., (2008), which is
described in brief here. Samples were ashed at 800°C to remove organic soil components and
then spiked with 242Pu and 233U. Samples were then leached with 10 mL of sub boiling aqua regia
and purified by ion extraction chromatography using stacked Eichrom® TEVA and UTEVA
cartridges (50-100µm). Plutonium and U were co-precipitated with iron hydroxide (2.5mg Fe),
dried and then calcined at 600°C, and loaded into AMS targets for analysis via VEGA Accelerator
at ANSTO (Wilcken et al., 2015). Both Pu and U were analysed at 1MV in the 3+ charge state,
while helium was used as the stripping gas. Desired isotopes of Pu and U were quantified relative
to known concentrations of spikes, e.g. 239Pu was determined from 239Pu/242Pu
An age model was developed for the core using Bayesian statistics to fit curves to the modelled
210

Pb ages, calibrated using the

239+240

Pu chronostratigraphic markers, and
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14

C age

determinations, using the BACON Bayesian age modelling package in the statistical software R.
3.3

Physical and Geochemical Analysis

The intact half of the split core was scanned using an ITRAX core scanner (Croudace et al., 2006)
at the Australian Nuclear Science and Technology Organisation (ANSTO) using a Mo X-ray source
at 35kV, 30 mA and an exposure time of 20 seconds. This produced an optical image of the core,
in addition to analysing magnetic susceptibility and semi-quantitative relative concentrations of
major and trace elements via μXRF at a 1 mm resolution. Element concentrations are returned
as counts per second (cps). Magnetic Susceptibility and XRF relative concentration data from the
ITRAX core scanner can be analysed to understand if mineral content in the core is likely to have
different sources. Element concentration data produced by ITRAX XRF analysis are standardly
displayed as element ratio profiles to remove systematic errors and normalise process related
effects on core data (Bora Ön et al., 2018; Croudace and Rothwell, 2015).
Ultra-trace element composition (including Rare Earth Elements (REE)) were analysed on 38 ash
samples through the core by solution quadrupole ICP-MS on a Agilent 7700x instrument at the
Department of Earth Sciences, University of Melbourne, Australia. Prior to analysis samples were
digested in Teflon beakers on a hotplate at 150°C for 48 hours using 1 ml of a 2:1 mixture of
concentrated HF-HNO3. Following digestion, residual fluorides were converted to nitrates with
0.24 ml of concentrated HNO3. Enriched isotopes (6Li, 103Rh, 187Re 209Bi and 235U) were added to
correct for internal drift and matrix suppression. Samples were analysed using the ICP-MS
protocol of Eggins et al. (1997) and Kamber (2009). External precision was maintained by repeat
analysis of a reference solution every 5-8 samples. Laboratory blanks were analysed with each
batch (n = c. 20) of digested samples, to which results were corrected. The rock standard W2
was used as the calibration standard, while external precision was assessed by analysis of the
rock standards BHVO-2 and JA-2.
Following geochemical analysis, selected samples were analysed by Scanning Electron
Microscope (SEM) on a Phenom XL bench-top SEM equipped with an energy-dispersive x-ray
spectroscopy (EDS) detector at The University of Wollongong, Australia. Ashed samples were
mounted and coated with either gold or carbon and analysed at 5kV and 10kV.
The grain size of selected sub-samples of the combusted (ash) fraction was measured on a
Malvern Mastersizer 2000 at ANSTO (n = 21). Sub-samples were selected to describe the major
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patterns in ash content through the core. Prior to analysis samples were dispersed by adding
50ml of 0.1% sodium hexametaphosphate (Calgon). Grainsizes were calculated from the average
of three measurements. If the disparity in median grain size from the three measurements was
greater than 5%, samples were re-analysed.
The pH of 12 selected un-combusted sub-samples was determined through the core using

a

Thermo Scientific Orion 3 Star pH benchtop machine calibrated with pH 4.0 and pH 10.0 Rowe
Scientific standard buffer solutions. Prior to analysis each sub-sample was mixed with de-ionised
(Milli-Q) water at a ratio of 1:5 mass ratio and homogenised before measurement at 25°C.
3.4

Palynology and Hydrogen Alkanes

3.4.1

Pollen Analysis

Pollen counts and Hydrogen isotope n-alkene data have been used to understand climatic and
vegetation changes in the vicinity of the core site. This data will allow us to develop a
comprehensive record of paleao-environmental information for the local region.
Standard techniques were used to prepare pollen samples (Faegri and Iversen, 1989). A
minimum of 300 grains were counted per sample and pollen was identified with the help of a
reference collection and the publications of Heusser (1971), Markgraf and D’Antoni (1978),
Moore et al. (1991) and Graf (1992).
3.4.2

Analysis of hydrogen isotopic composition of C31 n-alkanes

The detailed procedure for measurement of hydrogen isotopic composition (dD) of C31 n-alkanes
is described in Seki et al. (2010). Briefly, C31 n-alkanes were extracted from the dry peat samples
with dichloromethane/methanol (95:5) using an accelerated solvent extractor (Dionex: ASE 200)
at 100 ˚C and 1000 psi. Aliphatic hydrocarbons which include n-alkanes were separated from
other fractions by a silica gel column chromatography eluting with n-hexane. The dD of C31 nalkanes were measured using a gas chromatograph/thermal conversion/isotope ratio mass
spectrometry system consisting of a HP 6890 gas chromatograph connected to a Finnigan MAT
delta Plus XL mass spectrometer. Analytical accuracy of the laboratory standard (mixture A4
which contains C16-C30 n-alkanes) was within 5 ‰. The dD value of C31 n-alkanes are given in ‰
notation relative to Standard Mean Ocean Water (SMOW). C21 n-fatty acid methyl ester of which
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isotopic values were known was coinjected with the samples for dD measurement of C31 nalkanes.
4.

Results

4.1

Physical characteristics of the core

Four main distinct zones are recognisable within the structure of the peat core. These are
identifiable within the ITRAX-produced high resolution core image where the zones represent
differences in organic content and degree of peat decomposition (Fig. 3). The upper section
(Section 1) of the core (0-150 mm) is comprised of dark brown peat, which is less humified than
the peat immediately below it, e.g. rootlets are visible in the top 50 mm of this section. The
second section of the core (150 to 240 mm) is darker in colour and more humified. Between
240-445 mm depth (Section 3) the peat colour reddens, indicating a lower degree of
decomposition, e.g. leaf material is visible through this section of the core. At the base of the
core between 445-585 mm (Section 4) the peat structure again becomes more decomposed and
a darker grey colour. These four sections are also evident in physical and geochemical proxies
contained within the core (Fig. 3 A – F), as is discussed in more detail in the following section.
4.1.1

Mineral Content and magnetic susceptibility

The ash (mineral) content of the core, as determined from loss on ignition (LOI), varied
substantially throughout the core (Fig. 3A), broadly reflecting the four sections identified in the
core image and implying distinct periods of differential mineral input and/or organic
accumulation at the core site. Section 1 of the core has a consistently high mineral content
(mean = 57 %). Conversely, in Section 2 of the core the mineral content is lower (mean = 37 %)
but more variable. Variability in mineral content increases further in Section 3, ranging from 1179 %. The deepest section of the core (Section 4, 445-585 mm) contained the highest average
mineral content of the core (67 %).
Magnetic susceptibility varied with depth through the core. Values were both relatively high and
variable in both Section 1 and 4 of the core, with peaks occurring at 22, 52, 117 and 457 mm.
Sections 2 and 3, covering the middle of the core display reduced, often negative, and less
variable magnetic susceptibility, with the exception of a small peak centered at 200 mm (Fig. 3d)
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Figure 3. An ITRAX image of the core alongside selected proxies, including A) the ash content, B)
Ti / Mo (coh), C) the Zr/Ta ratio, D) Magnetic susceptibility, E) the median and 10th percentile
grain sizes, and F) pH. The shaded bands denote the major sections of the core as discussed in
the main text, and correspond to the timing of large changes to the measured downcore proxies
displayed in this figure as well as changes to sediment geochemistry (see Fig. 4).
4.1.2

Grain Size

The grain size of the ash component through core is displayed in Fig. 3E. The average median
grain size through the core was 41 µm, however, it varied by approximately a factor of two
across the analysed samples. In general, relatively coarser grained material was deposited in
core Section 2 and in the bottom half of Section 3. In Section 1 of the core, medium grainsize
ranged between 32.4 – 36.8 µm across the measured samples (n = 5). Section 2 contained both
larger median grain sizes and a larger size range (44.1 – 59.7 µm). Ash content in Section 3
contained the largest size range (31.3 – 77.5 µm, n = 7) within the core. Section 4 also a displayed
large grain size range (21.6 - 49.5 µm, n= 5), although median grain sizes were generally smaller.
Interestingly, there appears to be an inverse relationship between grain size and ash content.
That is, Sections 1 and 4 of the core have lower medium grain sizes but higher mineral (ash)
content. Conversely, Section 2 and 3 contain more variable grain sizes and regions of larger gain
sizes, in combination with a generally lower but also more variable mineral content. Peaks in
mineral content in these two sections are not coincident with grain size peaks.
The 10th percentile (Fig. 3E) and 90th percentile (not shown) of the grain size distribution share
the same down core pattern as median grain size. The median grain sizes at the top of Section 2
are composed of coarse silt, while a region of dominantly sand size grains occurs at c.380 mm
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depth in Section 3. Mineral material transported to the bog at these times (depths) are invariably
local in origin, i.e. they are unlikely to have undergone long distance aeolian transport, and imply
locally sourced material is dominant at these times.
4.1.3

pH

Acidic conditions occurred throughout the length of core, with little variability in pH values, (i.e.,
3.5 and 4), except the top and bottom few millimetres (Fig. 3F). The least acidic conditions
occurred within the top (active layer) of the core. The highest pH values were found in samples
from depths of 6 mm and 568 mm in the core, at 4.43 and 4.12, respectively. All other samples
in the core had a pH <4.0, with the most acidic values (pH 3.43) found in samples at 105 and
150.5 mm depth.
4.2

Geochemistry

4.2.1

ITRAX μXRF

The Ti/Mo coherent (coh) ratio (Fig. 3B), as determined from Itrax μXRF elemental counts, is
commonly used as a measure of allochthonous sediment input in peat and lake cores (e.g.,
Ohlendorf et al., 2014; Schittek et al., 2016). The topology of Ti/Mo_coh ratio matches that ash
content in the SV core, although does not show the prominent spike in mineral content at 288
mm. Other high field strength elements, e.g. Zr, show a largely identical profile to Ti. Conversely,
the structure in counts of the high field strength element Ta is largely the inverse of Ti, that is,
high counts occur in Sections 2 and 3 of the core (Figure not shown). Because the high field
strength elements are usually immobile during weathering processes (e.g. see Babechuk et al.,
2015), the difference between Ta, and Zr and Ti counts, provides prima facie evidence for
changes in provenance of the mineral component through the core. Therefore the Zr/Ta ratio
(Fig. 3C) may indicate changes in contributing dust source areas supplying the studied bog (we
note however, heavy mineral winnowing can affect Zr concentrations in aeolian systems; Marx
et al., 2014a, 2005).
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4.2.2

Ultra Trace Elements

Differences in geochemical composition of the core can be explored in detail using the ultratrace element composition of the mineral component of the core. Changes in trace element
composition down core can be expressed as the normalised difference in concentration against
Upper Continental Crust (UCC) (Taylor and McLennan, 1995; Fig. 4). Rare Earth Element (REE)
concentrations of core sample sediments and potential dust sources located on the Puna are
shown in Table 1 (See Appendix for a full table of trace element concentrations in the core). The
UCC normalised Rare Earth Element concentrations (REE) indicate there are two distinctive REE
patterns within the core. These broadly conform to the previously identified four Sections
through the core (i.e. Fig. 3). Analysed samples from the top 150 mm and sub-445 mm sections
(1 & 4) of the core displayed an REE pattern enriched in light rare earth elements (LREE)
compared to heavy rare earth elements (HREE) and a positive Eu anomaly (Fig. 4a). The middle
150 – 445 mm sections (2 & 3) of the core predominantly displayed enrichment of HREE/LREE,
with a positive Gd anomaly (Fig. 4b). It is also noteworthy, that the chemistry of sediment at the
base of core shows an REE pattern as predominates in Sections 2 and 3.
In Sections 2 and 3 of the core, at particular depths, the REE chemistry departs form the
generalised pattern shown in Fig. 4b. The distinctive peak in mineral content at 288 mm depth
showed a unique REE signature compared to the rest of core. Namely, it displayed no significant
enrichment in Eu or Gd, and a pronounced LREE>HREE pattern (Fig. 4c). In addition, at 193 mm
depth a separate peak in mineral content occurs. The REE pattern of this peak resembles that of
Sections 1 and 4 of core (Fig. 4a).
Transition zones between the regions dominated by one of the three distinctive REE patterns
illustrated in Figure 4a-c tend to plot with intermediate REE chemistries (Fig. 4x). This includes i)
mineral material directly above the distinctive mineral peak at 288 mm depth, ii) material from
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the Section 3 to Section 4 transition, iii) samples from 470 mm depth in Section 4, associated
with minor reduction in mineral content and, iv) samples at the transition of Section 4 and the
base of the core, where mineral content again begins to decline.

Figure 4. Rare Earth Element (REE) patterns of samples through the core normalised against
Upper Continental Crust (UCC) (Taylor and McLennan, 1995). Three distinct REE patterns are
evident and represent different zones within the core. Panel (a) shows the UCC normalised REE
patters in the top (<150mm) and bottom (>445mm) of the core in addition to one sample from
193 mm depth. Panel (b) shows the normalised REE concentrations predominating in Sections 2
and 3 of the core (150 – 445 mm). Panel (c) shows the REE composition of samples from around
288 mm depth. Panel (x) shows REE signatures that occur at the boundaries between two
different layers and grey lines in this panel likely represent mixtures between pattern (a) and (b),
while the black dashed line appears to be a mix of (b) and (c). Also plotted in each panel are UCC
normalised REE signatures of potential dust sources on the Puna, including Laguna de Pozuelo
(dark blue) (from Gaiero et al., 2013) and Salar de Arizaro (purple) (from Gili et al., 2017), and a
50% - 50% mix of the two sources (red). Note the similarity of the Puna dust source samples to
core sediments plotted in Panel (a). The average normalized REE signature of three sediment
samples from Salar de Uyuni (dark green) (from Gaiero et al., 2013) are also shown in Panel (c),
and display a similar pattern to core sediments from around 288 mm depth.
4.3

Biological markers

4.3.1

n-alkane hydrogen isotopes

Carbon preference indices (CPI) of C22-C34 n-alkanes (Bray and Evans, 1961), which are indicative
of the source of n-alkanes, range from 4 to 16 in the SV core (Data not shown). These values are
typically observed in higher vascular plants, indicating that n-alkanes in the peat samples
originate from local vegetation in the wetland. dD values of plants can provide information on
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the climatic conditions affecting vegetation growth. In general, more negative dD values
represent wetter or colder conditions while less negative dD values suggest dryer or warmer
conditions (Seki et al., 2012, 2011). dD values of C31 n-alkanes oscillate within less negative dD
values of around -200 (dryer conditions) in the bottom 445 – 585 mm section of the core, while
displaying generally more negative dD values down to between -210 and -220 (wetter
conditions) in the middle sections 2 and 3 (150 – 445 mm) of the core. There is an exception of
a peak of less negative dD values (-205) at 170 mm (Fig. 5 B & C, green dashed line). In Section 1
of the core from the top 150 mm, dD values maintain intermediate values (between -210 and 200) before becoming increasingly less negative between 70mm to the top of the core to a peak
dD of -185.
4.3.2

Pollen counts

The abundance of particular pollen grains and/or pollen ratios, i.e., Poaceae (grasses) versus
Asteraceae (shrubs), have previously been used as proxies for palaeo-environmental change
(typically moisture availability) in the tropical Andes (Schittek et al., 2016). Their use in this
regard is supported by Poaceae / Asteraceae ratios correlating with precipitation gradients
(Kuentz et al., 2012). Consequently, in this study increased Poaceae pollen abundance is
interpreted as indicating a wetter environment, while the greater occurrence Asteraceae pollen
can signify a more stressed environment, either as a result of lower moisture availability or
greater surface disturbance (Schittek et al., 2015). Figure 5B shows that Asteraceae pollen
abundance is higher in the sub-445 mm section 4 and in the top 150 mm section 1 of the core,
while being generally lower during the middle sections 2 and 3. This pattern is similar to the ash
content of the core, and only substantially differs from n-alkane dD values in the top 150 mm
(section 1). The Poaceae / Asteraceae ratio (fig. 5C) exhibits two substantial peaks in the middle
part of the core at depths of 256 mm and 404.5 mm suggesting more moist conditions during
these episodes. This matches the more negative n-alkane dD values during this section.
Conversely, in the top and bottom parts of the core the Poaceae / Asteraceae ratio remains low.

91

Figure 5. An image of the core alongside (A) ash content and (B & C) biological proxies. (B) shows
Asteraceae shrub pollen counts (lower axis) as a brown line, and (C) shows the Poaceae
grass/Asteraceae shrub pollen ratio (lower axis) as a brown line. Both (B) & (C) show C31 nalkanes as a green dotted against the higher axis – more negative values represent wetter or
colder conditions while less negative values suggest dryer or warmer conditions. The shaded
bands mark the different sections of the core, between which abrupt change is apparent.
4.4

Age control

Unsupported

210

Pb activity measured in the top of the SV core decreases steadily with depth

199-48 Bq/kg between 2.5 – 42 mm (n=5, Table 2). The activity of samples below 64 mm depth
(n=3) was within counting error, these samples were therefore excluded from age model
calculations. Lead-210 chronologies were calculated for CRS and CIC age models (Table 2).
Although the CRS model is more commonly applied in peat and lake studies (Marx et al., 2016),
and is generally regarded as more reliable, the CIC model may be more valid in some
circumstances (Appleby, 2001). Therefore the appropriateness of each model is evaluated by
comparison to atmospheric 239+240Pu and 236U fallout.
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Plutonium 239+240 fallout resulting from the atmospheric testing of nuclear weapons became
significant in 1952 CE and reached its maximum in 1963 CE (Crusius and Anderson, 1995). Like
239+240

Pu, 236U is also a fallout isotope, however at lower concentrations. Although less commonly

measured it has begun to be used as a chronostratigraphic marker of fallout (Ketterer et al.,
2013; Srncik et al., 2014; Wendel et al., 2013). Both

239+240

Pu and

236

U show a characteristic

fallout concentration structure, that is, they exhibit well-defined peaks, interpreted here to
approximate 1963 CE. The onset of fallout accumulation in the SV core occurs between 45-51.5
mm depth, indicating this depth equates to the early 1950s CE.
The 210Pb CRS age model matches the 1963 CE 239+240Pu and 236U chronostratigraphic markers at
~30 mm depth, implying the age of this section of the core is well constrained. By contrast,
neither 210Pb age model matches the position of the 1952 CE 239+240Pu, 236U chronostratigraphic
marker at ~45 mm depth (i.e. when Pu and U concentrations first increase above background
levels). At this depth, 210Pb indicates older ages by approximately 50 years (Table 3; Fig. 6). This
discrepancy in age implies either the assumptions of the CRS and CIC 210Pb model are invalid, or
there is mobility in 210Pb and/or 239+240Pu and 236U within the peat profile. Changes in sediment
provenance could result in changes in

210

Pb flux to the SV site. For example, it has been

demonstrated that because dust scavenges

210

Pb from the atmosphere,

210

Pb activity in dust

samples increases as a function of trajectory length/atmospheric residence time (Marx et al.,
2005b). In this context, changes in dust provenance from more local to more distal sources
would therefore be expected to influence 210Pb flux. In addition, both 210Pb (Urban et al., 1990)
and Pu (Kaplan et al., 2006) have been shown to be mobile in peat certain circumstances, e.g. at
low pH often when organic content is high (Lee et al., 1997; Sohlenius et al., 2013), as occurs in
the upper part of Section 1 of the SV core. It is also noteworthy that a minor change in peat
structure occurs at approximately 50 mm depth, the peat becoming darker in colour and more
decomposed, which may suggest a change in the accumulation rate at this depth (Fig. 3).
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Nonetheless, the topology of the

239+240

Pu and

236

U concentrations broadly conform to

generalised atmospheric fallout profile (UNSCEAR, 2000; data not shown), this may imply the Pu
chronostratigraphic markers for the deeper part of the core are more accurate. However, minor
differences between the SV core Pu profile and recorded atmospheric 137Cs fallout (UNSCEAR,
2000) indicate some

239+240

Pu and

236

U mobility is also possible. Consequently, there remains

uncertainty in the ages between 30-50 mm depth.

Nine samples between 104 – 585 mm were selected for AMS 14C radiocarbon dating, with the
base of the core dated to a calibrated age of 4042 ± 58 years BP (Table 4). Microfossils were
preferentially extracted for radiocarbon dating, however none could be located in the top 150
mm section of the core and so bulk peat was dated for three samples, at 104 mm, 120 mm and
140.5 mm depths. These upper three samples each returned modern radiocarbon ages,
however, the 210Pb chronology, and the Pu and U concentration profiles indicate that modern
ages are unlikely at depths below approximately 50 mm. Therefore, it appears these ages have
been contaminated by modern C, most likely in the form of roots introducing younger C to this
upper section of the core, although the exact mechanism of C contamination can be complex
(Field et al., 2018). These samples were subsequently disregarded for the creation of the age
model. The six AMS 14C ages between 254 – 585 mm date sequentially and suggest distinct
periods of different accumulation rates within the core (Fig 7).
The five

210

Pb ages and six 14C radiocarbon dates were calibrated using a Bayesian age-depth

model through the program Bacon in R (Blaauw and Christen, 2011). The Bacon package is
designed specifically for use with lake and peat sediment cores and uses a Markov chain Monte
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Carlo (MCMC) sampling algorithm with prior information about accumulation rates to create an
age model with probability intervals based on input dates. The 14C dates were calibrated using
the INTCAL13 curve for the northern hemisphere (Reimer et al., 2013). The Northern
Hemisphere calibration curve was selected because the southerly position of the ITCZ over South
America during the Southern Hemisphere summer growing season, when up to 90% of all annual
precipitation at the core site occurs, delivers atmospheric CO2 from the Northern Hemisphere
to the tropical Andes (Schittek et al., 2016). Use of Northern Hemisphere calibration curves is
consistent with previous research in this region (e.g. Abbott et al., 2003; Wolfe et al., 2001).

Figure 6. The 210Pb ages (brown line) and 239+240Pu (dotted blue line) and 236U (dotted green line)
concentrations plotted through the SV core. The depth of the years, post-1952 and 1963, as
indicated by the chronostratigraphic position of 239+240Pu and 236U concentration changes, are
displayed on the figure. Note that 210Pb ages agree with the 239+240Pu and 236U 1963
chronostratigraphic marker, but are older than the 1952 marker.
An age model was run under the default settings of Bacon (Fig. 7A). This generally captured the
changes in accumulation rate apparent from the 14C dates and implied a mean accumulation
rate of 50 yr/cm. However, the section of core between the deepest 210Pb age and the shallowest
14

C date (42 – 254 mm) is poorly constrained due to the lack of age control for this part of the

core.
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As previously discussed there are four distinct sections within the SV core. These are denoted
by changes in organic content and peat structure in addition to mineral content and
geochemistry (Figs. 3 & 4). Furthermore, they are also evident (albeit more subtly) within
biological proxies, i.e. pollen concentrations and n-alkanes (Fig. 5), as well as grain size change
(Fig. 3) between Sections 2 and 3 of the core. Consequently, it is likely that these different core
sections represent different palaeoenvironmental conditions, resulting in different peat growth
rates. Therefore, a second age model was run where breakpoints were inserted between each
section of the core; namely at 150, 240 and 455 mm representing break points between core
Sections 1 and 2, 2 and 3, and 3 and 4 respectively. Mean accumulation rates based on dated
samples were calculated and input for each section. Where available, prior knowledge of
accumulation rates is crucial to the successful functioning of the bacon package (Blaauw and
Christen, 2011). In addition, the Bacon model’s memory function was reduced to allow for the
large changes in accumulation rate between sections. The age model including breaks (Figure
7B) is broadly similar to the default age model, although more (visually) organic core sections
exhibit faster growth rates, as would be expected. Consequently, Section 2 exhibits a faster
growth rate in the breaks model, while the slower growth rate of the upper core is extended
deeper, i.e., to 15 cm (note however, growth rates in Section 2 are inferred as no chronology
was obtainable for this section). Below 240 mm depth (Sections 3 and 4) the difference between
the two age models is low (<5%), although between 60 – 240 mm depth (Sections 1 and 2) model
ages diverge by up to 54% (at 150 mm), however median ages remain within error. Overall the
breaks model is preferred as it more closely resembles sedimentary sections of the core, which
likely represent different peat growth rates.
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Figure 7. Age model for the SV core (A) Age model created using the default settings within Bacon
(B) Age model with boundaries specified at 15, 24, and 45 cm depth. These boundaries reflect
stratigraphic changes within the core (see Figs. 3 & 4).
5.

Discussion

In this section the flux and composition of dust within the SV core is presented and discussed.
Specifically, changes in the magnitude and the geochemical constituents of deposited dust are
analysed to better understand how these might represent changes in the regional climate and
landscape. Following this, the palaeo-environmental implications of changing dust input is then
discussed alongside other data from the SV core (pollen, n-alkanes, geochemistry) to further
assess the roles of climate variability and human induced change in the southern Puna-Altiplano.
5.1

Dust input to the SV study site

As previously discussed peat bogs have been shown to act as effective dust repositories in
number of studies (e.g. De Vleeschouwer et al., 2009; Ferrat et al., 2012; Marx et al., 2011),
demonstrating the viability of peat based dust records for capturing both millennial scale
environmental reorganisations (e.g. Vanneste et al., 2015) and modern high-resolution subdecadal to annual scale changes in dust contributing landscapes (e.g. Marx et al., 2014b). Studies
of dust in peat have either used total mineral content as an indicator of dust input and/or have
used geochemical proxies to estimate dust deposition (i.e. REE concentrations) (e.g. Vanneste
et al., 2015; Weiss et al., 2002), or to separate local from-long range dust (e.g. Marx et al., 2011,
2009; Petherick et al., 2009). The total mineral flux, representing the ash content of the core, is
shown in Figure 8. As the bog is considered to be largely ombrotrophic, this could be assumed
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to represent the dust flux to the study site, however, in this case the geochemistry and physical
composition of mineral material warrants further investigation.

Figure 8. Dust flux (g/m2/yr) through the core, calculated from ash content.
5.1.1

Tephra deposition

Throughout the majority of the core the topology of the mineral content of the core and that of
conservative trace element composition is largely identical (Fig. 3). A notable exception to this
occurs at 288 mm depth, where a pronounced spike in mineral material occurs (Fig. 3A) which
is not matched by a corresponding change in Ti counts (Ti/Mo coh; Fig. 3B) or in magnetic
susceptibility (Fig. 3D). This spike is recorded as significant geochemical perturbation however.
For example, it is recorded in the ultra-trace element Ta/Ti ratio (Fig. 10). The shift in Ta/Ti ratio
implies a different provenance for the mineral material at this depth (Fig. 10).
SEM analysis revealed the presence of numerous volcanic glass shards within samples associated
with the ash spike at 288 mm depth (Fig. 9), indicating the presence of a cryptotephra at this
depth. The timing of tephra deposition was constrained by 14C AMS ages on either side of the
ash spike (1735 ± 53 cal. yrs BP at 254 mm depth and 1747 ± 78 cal. yrs BP at 317 mm depth).
There are a number of identified tephra in the region dating from around this time. These
include the Villa Vil Ash (980 – 1540 yr BP) (Fauqué and Tchilinguirian, 2002; Hermanns and
Schellenberger, 2008), the V2 ash (post-2nd Century CE) (Sampietro-Vattuone and Peña-Monné,
2016) and a period of activity at the Parinacota Volcano between 1200 – 2000 yr BP (PAR-034)
(Ginibre and Wörner, 2007; Wörner et al., 2000). However, the Villa Vil ash and V2 ash deposits
were found and recorded approximately 500 km to the south of the SVC site at approximately
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27.1° S, 66.7° W, and 26.9° S, 65.7° W respectively. The Villa Vil ash dates more recently than
the ash event in the SVC, while the age of the V2 ash is poorly defined, and as such these events
are unlikely to represent the same event located in the SVC. The Parinacota Volcano is a similar
distance to the North of the SVC site (18.2° S, 69.2° W), and although the dates are poorly
constrained, they do contain the dating period for the ash in the SVC. Consequently, at present
it is not possible to assign the source of the ash in the SVC, and it is possible that it represents a
volcanic event that has not been recorded in existing records. A more detailed analysis of glass
chemistry may allow the specific eruptive event to be positively identified, however, this is
beyond the scope of this thesis.

Figure 9. SEM photomicrographs showing volcanic glass shards within the ash content of the SV
core at 286 mm depth. A large number of diatoms are also present within the ash content.
In the core ash data (Fig. 3) the tephra spike is relatively broad, covering a 32 mm depth interval
(from 268 – 300 mm). It appears that the age model struggles to define this event, as it is likely
that a short duration high magnitude volcanic event resulted in a period of fast accumulation.
Therefore, although the age model places the tephra over a ~200-year period, however, the two
ages bracketing the cryptotephra are within error. As a result, it is likely that the region of the
core covered by the cryptotephra represents a short period of time (possibly a single eruptive
event). Alternatively, it is also possible that a major eruption would result in loose, easily
entrainable material deposited across the landscape that could undergo post-depositional remobilisation and be transported to the core site over a period of years, i.e. that the region of the
core covered by the cryptotephra represents a period of multiple years.
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Figure 10. Ta/Ti ratio calculated from Ultra Trace Element data through the SV core. The spike
at 288mm signifies the suspected tephra event. The abrupt change in the Ta/Ti ratio indicates
that post depositional mixing of volcanic ash is unlikely to have occurred in the SVC.
The ICP-MS geochemical data show the change in ash chemistry associated with deposition of
the tephra occurs abruptly. For example, the ultra-trace element Ta/Ti ratio (Fig. 10) displays a
rapid change to a higher ratio at the onset of tephra deposition, followed by a slightly more
gradual reduction in the ratio. The rapid change in geochemistry therefore suggests the
cryptotephra was not subject to post-depositional mixing in the core, while the slower return in
elemental ratios after initial deposition implies ongoing entrainment of ash from the wider
landscape, i.e. previously deposited tephra is being re-entrained and deposited alongside dust.
Interestingly, the UCC-normalised REE geochemistry of a sediment sample from 288 mm depth
in the centre of the tephra layer shares a similar signature to the average of three sediment
samples collected from Salar de Uyuni (Fig. 4c; Gaiero et al., 2013). This may reflect the input of
sediments to the Salar de Uyuni from the Tunupa volcano, which borders its northern side, and
which is thought to share similar geochemistry with Parinacota Volcano (Salisbury et al., 2015),
a candidate for supplying the tephra to the SVC, and part of the same volcanic arc.
With the exception of the ash spike centred at 288 mm depth, there were no other similarly
pronounced geochemical perturbations within the core, implying there are no other primary
cryptotephras present in the SV core. However, SEM analysis of samples from other regions of
the core revealed the presence of occasional glass shards throughout the peat profile. These
may represent secondary tephra deposition, entrained alongside dust, which has been
documented to occur decades after the initial eruption (e.g. Hadley et al., 2004). Alternatively,
these more occasional glass shards may represent more distal primary cryptotephras.
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5.1.2

Diatom deposition?

SEM analysis revealed that diatom frustules appear to be a dominant constituent of the
combusted ash component throughout the core. In some parts of the core the diatoms are
clumped together (e.g. Fig. 11), while in others they are detached (e.g. Fig. 9). Diatoms can either
be transported as dust or may grow in situ within the peat. For example, the World’s largest dust
source, the Bodélé Depression, in north Africa, consists largely as diatomaceous sediment which
is entrained as dust (Bristow et al., 2009). Similarly, the large endorheic basins on the PunaAltiplano, which are likely to be the main source of dust to the core site, have been shown to
contain large deposits of diatomaceous sediments (e.g. Achem et al., 2014; Mcglue et al., 2013;
Tchilinguirian et al., 2014). Consequently, it seems likely that at least a significant proportion of
diatom frustules are transported as dust.
Although diatoms live in peat, studies investigating highly acidic environments have shown that
only a few, highly adapted species of diatom (mainly from the genus Eunotia, Nitzschia and
Pinnularia) can tolerate very low pH levels (Denicola, 2000) as found at the core site (3.43 –
4.42). As such, high acidity would preclude the diverse diatom assemblages seen throughout the
core, which would be more likely to flourish in the more neutral/basic conditions common to
the endorheic basins of the Puna (e.g. Cuenca de Pozuelos; (Mcglue et al., 2012)). This suggests
that it is unlikely that diverse diatom taxa grew at the core site, but rather was transported in as
a component aeolian material deposited at the core site. To our knowledge other studies which
have recorded ash content in cores from the region have not undertaken SEM analysis of their
sediments and we are therefore unable to compare our findings to other studies to see if
diatoms form such a large component of deposited aeolian material across the wider region.
5.1.3

Dust flux to the SV core

It is not possible within the scope of the present study to unequivocally determine whether the
diatom frustules represent allochthonous or autochthonous input into the SV core.
Consequently, in this study, dust flux in calculated using two approaches; i) assuming all ash
content in the core represents dust and, ii) using the REE concentration to approximate dust flux
using ICP-MS measured REE data following the approach of Vanneste et al. (2015) according to
the equations:
/0123 5"" !5' (789:;< => ;? ) = ∑[5""]' × EF21 !5' × GFHIJ1='
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(1)

KLI1 !5' = 10123 5"" !5' / ∑[5""]NOO × 10000

(2)

Where 5"" !5' is the accumulation rate of REE in a given sample i, ∑[5""]' is the sum of REE
concentrations in that sample, EF21 !5' is the sample’s peat accumulation rate in cm / year as
calculated from the age model and GFHIJ1=' (g / cm3) is calculated from the core cross-section
area, slice thickness and dried mass. ∑[5""]NOO is the sum of REE concentrations found in the
upper continental crust (Taylor and McLennan, 1995).
This later approach allows assessment of the dust flux independently from the contribution of
diatoms, because the diatom frustules are comprised of SiO only (Fig. 12) and so do not add to
the REE concentrations within the core.
Using the first approach, the dust flux for the SV core, was calculated as the derivative of the ash
content divided by the core age model. The resulting ash content (ACC) derived dust flux record
broadly conforms to the four major distinct sections previously identified in the core (Fig. 8).
That is, the most recent ~450 years (i.e. present day to 380 cal. yrs BP equating to a date of 1570
CE) corresponding to core section 1, of elevated dust flux (>50 g/m2/yr) is the highest sustained
flux captured over the ~4200 year duration of the core. At the bottom of the core between 4150
cal. yrs BP and 2600 BP, corresponding to section 4, there was a long period of elevated dust
flux (>15 g/m2/yr), with a pronounced double peak to 63 and 53 g/m2/yr in the final 70 years of
this period. The middle of the core, across sections 2 and 3, between 400 - 2580 cal. yrs BP shows
sustained dust flux rates below 10 g/m2/yr with periods of low variability in section 2 more
recently than 1750 cal. yrs BP, and higher variability in section 3 before 1950 cal. yrs BP
separated by the prominent cryptotephra spike of up to 124 g/m2/yr at 1860 cal. yrs BP.
Figure 12 shows the REE calculated dust flux (REEC dust flux) and the ash content calculated dust
flux (ACC dust flux) for the corresponding samples. The pattern in REEC derived dust flux is
broadly comparable to that the ACC dust flux, with the exception of a few key regions of core,
however, the REEC dust flux is consistently higher (factor of 2 - 12) (Fig. 13). In section 4 of the
core (4200 – 2600 cal. yrs BP) REEC dust flux is sustained above 30 g/m2/yr, approximately
double the ACC dust flux. During section 3 of the core (2600 – 1700 cal. yrs BP) ACC dust flux is
low, whereas after initially decreasing, the REEC dust flux increases again to levels similar to
those seen in section 4, resulting in dust flux values more than 12 times higher than ACC dust
flux at 2230 cal. yrs BP. At position of the cryptotephra differences in flux between the two
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approaches decrease to a factor of two. Both REEC and ACC dust flux values reduce during
Section 2 (1700 – 400 cal. yrs BP), although REEC dust flux (~25 g/m2/yr) is again elevated relative
to ACC dust flux, by 6 and 9 times. After 400 cal. yrs BP in Section 1 of the core, both REEC and
ACC dust flux increase substantially to their highest sustained values. Although Peak REEC dust
flux reaches 347 g/m2/yr at around 1990 CE, REEC dust flux remains approximately 2 times
greater than ACC dust flux during Section 1.

Figure 11. SEM photomicrographs show clumps of diatoms (a) are the main constituent of dust
throughout the core. Closer investigation of a diatom clump (b) shows a diverse range of diatom
species, which were verified by elemental mapping through energy dispersive x-ray spectroscopy
(EDS) to be primarily composed of Silicon Dioxides (c)&(d).
Although there are differences between the two approaches for calculating dust flux, the overall
pattern is the same, implying that the diatoms represent part of the dust load, i.e. that they are
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largely being transported to the study site alongside mineral dust. This is also implied by the low
pH within the bog, which may restrict diatom production. The higher dust flux recorded by the
REE approach likely results from the fact that REEs in the bog sediments are enriched by
comparison to UCC resulting in a higher recorded flux by comparison the ash derived flux. In
addition, the two methods also differ in that the ash flux is derived by age, whereas the REE flux
has a density component. These differences will also influence the flux magnitude. Furthermore,
the changing ratio of ACC and REEC dust flux is perhaps indicative of changes to dust sources
supplying the core site, and may also represent a quartz dilution affect.

Figure 12. Rare Earth Element (REE) calculated dust flux (blue line) and Ash Content calculated
dust flux (orange line) to the SVC.
Despite the general similarity between the ACC and REEC dust flux, there are regions of the core
where the two estimates diverge. These can be most easily visualised by plotting the ratio of
REEC/ACC down core (Fig. 13). High ratios indicate that the ACC dust flux is being diluted by the
presence of diatoms, which have a low mass by comparison to mineral dust particles. REEC/ACC
dust flux ratio shows that the difference between the two dust flux calculations is highest when
the overall dust flux is lowest, that is in sections 2 & 3 of the core (2600 – 400 cal. yrs BP). For
example, in section 1 (400 cal. yrs BP – Present) and section 4 (4200 – 2600 cal. yrs BP) of the
core an increase in the contribution of non-diatomaceous sediments due to a change in the
composition of existing dust sources, or additional input from other sources may explain why
the divergence between the two methods of dust flux calculation is less at these times.
Despite some minor differences in dust flux as determined by the two different approaches, as
a result of the general similarity through rest of the discussion the more conservative ACC dust
flux calculation will be used (unless specifically noted otherwise). Dust flux therefore fluctuates
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between 2 – 173 g/m2/yr over the length of the core. Based on this dust flux, an analysis by
Lawrence and Neff (2009) implies that the SV core site receives dust from a regional source, that
is the predominate source of dust is likely to be located 10-1000 km from the study site as
indicated by dust fluxes between 1 – 50 g/m2/yr. There are, however, periods within the core
when dust flux is elevated above the regional dust source range, indicative of major events
and/or changes to dust supply. For example, after 400 cal. yrs BP dust flux is sustained above 50
g/m2/yr.

Figure 13. The ratio of REE calculated dust flux (REEC) to ash calculated flux (ACC) plotted against
age in the SV core. The greatest difference between the two dust flux calculations occurs in
sections 2 & 3 of the core (400 – 2600 BP) when the overall dust flux is lowest. During sections 1
& 4 of the core REE calculated dust flux is roughly double the Ash Content Calculated dust flux.
Fluctuations in dust deposition at the SVC are expected to reflect changes to the controls on
dust dynamics, namely sediment production, sediment availability and transport capacity
(Bullard et al., 2011; Kocurek, 1998). That is, changes in dust flux can be interpreted as altered
climatic and/or environmental conditions in the source regions supplying dust to the SVC. Such
changes are also evident in the biological proxies (n-alkane hydrogen isotopes and pollen counts)
measured in the SVC. For example, the dD values of plant n-alkanes, which can reflect changes
in the climatic conditions affecting vegetation growth, fluctuate markedly. Wetter or colder
conditions are insinuated by more negative dD values, while dryer or warmer conditions are
suggested by less negative dD values (Seki et al., 2012, 2011). Existing studies have found
isotopic records in the tropical Andes mainly reflect precipitation (Bird et al., 2011a), and we
therefore interpret the n-alkane dD values as predominantly a measure of moisture availability
in the environment surrounding the core site (and likely including the dust source regions). In
the Sections 2 – 4 of the core, ash content and dD values, as well as Asteraceae pollen
abundance, share a similar pattern, suggesting that moisture availability on the Puna-Altiplano
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may be the primary control on dust flux to the SVC for most of the last 4000 years. However, it
is notable that n-alkane dD values diverge markedly from ash content and Asteraceae pollen
counts, which have been used as a measure of environmental disturbance (e.g. Schittek et al.,
2015), in the top 150 mm of the core (Fig. 5 A). This could indicate that in Section 1 of the core
the primary control of dust emissions switches from moisture availability to land disturbance.
This is further discussed in Section 5.2.
5.1.4

Dust Provenance

Dust properties may also provide information on dust source area change and even allow
identification of particular dust sources through determining the specific geochemical
fingerprints that define them (Marx et al., 2018, 2005a). A likely reorganisation of dust sources
supplying the SV core has been identified through both the changing physical characteristics of
the deposited dust and its geochemistry.
During the periods of higher mineral input in sections 1 and 4 of the SVC, magnetic susceptibility
values are higher (Fig. 3D), and grain sizes are smaller (Fig. 3E) than during the lower dust flux
periods found in sections 2 and 3, when the core displays negative magnetic susceptibility and
peak in grain size. A high abundance of diamagnetic minerals and other material, e.g., carbonate
or organic carbon, calcite and quartz, and/or heavy metals such as Cu and Pb can result in
negative magnetic susceptibility (Maher, 2016). In this context, it appears that magnetic
susceptibility predominantly reflects dust input to the core. That is, increased aeolian input is
associated with deposition of minerals with high magnetic susceptibility including Fe oxides
(strong, positive charge) and Fe-bearing silicates (weak, positive charge), by contrast during
periods of low dust deposition carbon-rich organics predominate resulting in negative magnetic
susceptibility values. As such changing magnetic susceptibility in the different regions of the core
could indicate changes in the source region(s) supplying dust to the core. Likewise, a reduction
in grain size is likely to represent a switch to greater dust supply from more distal sources, as
studies have found that grain size generally decreases with distance from the dust source
(Derbyshire et al., 1998; Lawrence and Neff, 2009). While these physical properties alone cannot
be interpreted as unequivocal evidence for changing dust sources, they are supported by
alterations to dust geochemistry. For example, similarly to the magnetic susceptibility results,
the Zr / Ta ratio is higher and more variable at the top and bottom of the core, but lower and
more stable in sections 2 and 3 between 150 - 445 mm, apart from a small peak at 200 mm
depth.
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Analysis of the specific UCC-normalised trace element geochemistry of dust in the core, and
comparison to existing geochemical data from likely dust source areas on the Puna-Altiplano has
resulted in the identification of potential sources of dust to the SVC. The REE signature of
samples from sections 1 and 4 of the core (Fig. 4a) appear to show similarity to sediments from
Laguna de Pozuelo (Table 1; Gaiero et al., 2013), and Salar de Arizaro (Table 1; Gili et al., 2017),
potential dust sources located on the Puna, ~80 km to the west and ~350 km to the south-west
of the core site respectively. The greatest similarity to dust REE geochemistry in the top and
bottom of the core is found between a roughly even mix (50:50) of sediments from these
potential sources. The disparity in REE signature patterns in sections 1 and 4 of the core and
their high ash content further attests that these sections are likely to receive mineral input from
different and/or additional dust sources compared to sections 2 and 3 of the core which are
characterised by low mineral content. It may be that the REE signature of the majority of samples
from section 2 and 3 of the core (Fig. 4b) is representative of more locally supplied sediment.
Correspondingly, the finding of a ‘pattern b’ REE signature in a sample taken from the base of
the core at a depth of 580.5 mm may be interpreted as the core reaching local basal sediments
that predate the development of a peat mire at the core site. In the section which follows, the
paleo significance of changing dust flux is discussed.
5.2

The changing climate and regional environment

5.2.1

Section 4: 4200 – 2600 cal. yrs BP: dry and stable conditions?

The oldest section of the core (Section 4) is characterised by moderate dust flux (10 - 30 g/m2/yr)
and low flux variability. In addition, grainsize in this section of core is relatively small.
Collectively, this implies dust flux from more distal sources by comparison to other sections of
the core. Throughout Section 4 the REE chemistry shows enrichment of LREE by comparison to
HREE and a distinctive positive Eu anomaly (pattern a; Fig. 4a). This is most similar to the REE
signature of endorheic basins (e.g. Laguna de Pozuelo, Salar de Arizaro) on the adjacent Puna
(Gaiero et al., 2013; Gili et al., 2017). This suggests that during the phase covered by section 4
(4200 – 2600 cal. yr BP) aeolian mineral input came from predominantly Puna sources, which
were likely to have been in a drier phase during this period.
C31 N-alkane dD measurements in Section 4 display less negative values. This is broadly indicative
of a drier and/or warmer climate at the core site (Seki et al., 2012, 2011). The hydrogen isotopic
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composition in leaf wax compounds measured as n-alkane dD values have been found to be
highly correlated with precipitation (Sachse et al., 2012), and have previously been used to
measure precipitation variability in the Central Andes (Fornace et al., 2014). Thus, C31 n-alkane
dD values in this study are interpreted as being mainly reflective of moisture availability at the
core site. Further evidence of a drier climate at this time is provided by elevated Asteraceae
shrub pollen counts and low Poaceae/Asteraceae (P/A) ratios. The P/A pollen ratio has also been
used as proxy for precipitation in the tropical Andes (Liu et al., 2005). However, peaks in
Asteraceae pollen are out of phase with peaks in n-alkane dD values over this period. That is,
Asteraceae pollen abundance in the broader environment lags behind fluctuations in n-alkane
dD values measured in the organic material that forms the bog. This may indicate the greater
time periods required for the broader landscape vegetation response to the drier conditions
that are captured contemporaneously at the core site.
The evidence in the Santa Victoria Core for a dry period between >4200 – 2600 cal. yrs BP broadly
corresponds with previous paleoenvironmental studies from the region. A broad regional-scale
study of lakes in the Central Andes found drier conditions occurred between 4800 – 2100 cal.
yrs BP, as indicated by reduced lake levels inferred from d18O measured in cellulose (Abbott et
al., 2003). Further evidence of drying at this time is provided by a multi-proxy study of fluvial
sedimentation and associated geomorphic activity on the adjacent Puna between 4700 – 2900
cal. yrs BP (Tchilinguirian et al., 2014). A more northerly position of the SH westerlies and a
weaker SASM resulting in reduced moisture transport to the Puna-Altiplano is likely to explain
the drier conditions apparent during this period (Fig. 14D).
Of significance, the Central Andean lake level records derived from d18O indicate that drier
conditions persisted for longer at more southerly sites (Abbott et al., 2003), e.g. the most
southerly studied lake Laguna Potosi at ~20°S, showed conditions becoming progressively
wetter after 2500 cal. yrs BP. Similarly, records from both a high altitude peat bog (Schittek et
al., 2016) and a sub-montane river valley (Alcalde and Kulemeyer, 1999) south of the SVC site at
~24°S found drier conditions persisting until between 1700 – 1400 cal. yrs BP. Collectively, these
studies imply the return of moisture was associated with a southward expansion or
reinvigoration of the South American Summer Monsoon (SASM) sometime after ~2500 cal. yrs
BP.
At the top of Section 4 of the SVC core, a reduction in C31 n-alkane dD values, implying
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wetter/cooler conditions, coincides with a period of elevated dust flux at approximately 2700 –
2600 cal. yrs BP. At face value, a change to wetter conditions would not be expected to result in
increased dust flux, however, in some arid environments, such as Australia, dust has been shown
to be limited by sediment availability (Bullard and McTainsh, 2003; Marx et al., 2018, 2009,
2005b). Consequently, greater frequency of episodic intense rainfall events may be expected to
result in increased availability of erodible sediments in the endorheic basins of the Puna through
increased sediment recharge/availability (e.g. see Marx et al., 2009). It is possible that during
the initial stages of the transition to a wetter climate that irregular higher intensity climatic
events allowed for greater dust flux during this period. The transition into Section 3 of the SVC
core is also marked by peaks in magnetic susceptibility and changing Ta/Zr ratios (Figs. 3c & 3d),
which indicate changes to dust source regions consistent with altered hydro-climate conditions.
Large scale upheaval of the global climate system has been recorded at this time, with evidence
for an abrupt climate cooling from Europe to South America (Chambers et al., 2007), matching
the cooler and wetter conditions found following the transition to Section 3 of the SVC.
5.2.2

Section 3: 2600 – 1700 cal. yrs BP: increasing moisture availability?

The lower middle section of the core (Section 3) is characterised by relatively rapid peat
accumulation and correspondingly a much higher organic content by comparison to Section 4.
There is a visible colour change in the core at 2600 cal. yrs BP, which corresponds to a reduction
in dust flux to below ~5 g/m2/yr between 2600 – 2100 cal. yrs BP. Reduced dust flux to the study
site during this period most likely indicates wetter conditions and associated greater vegetative
cover inhibiting dust entrainment.
Wetter conditions between 2600 – 1700 cal. yrs BP are supported by biological proxies in the
core. C31 n-alkane dD values decrease during the older part of Section 3, from approximately 200 at 2600 cal. yrs BP to -220 at 2026 cal. yrs BP. Over the same time there is a reduction in
Asteraceae pollen counts and a peak in the P/A (grass/shrub) ratio, also suggesting wetter
conditions prevailed both at core site and in the surrounding landscape. Greater moisture
availability (less drying) is also indicated by increased peat growth rates during this period.
Collectively, this supports the assertion that dust entrainment was inhibited by more humid
conditions at this time. These conditions likely represent a more seasonal pattern of westerly
airmass incursions during winter and increasing moisture transport from tropical Atlantic
sources to the North-East via a strengthening SASM undergoing a southerly expansion during
this period (Fig. 14C).
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An increase in the median grain size of the ash content in Section 3 (excluding the cryptotephra)
by comparison to Section 4, suggests that dust is sourced from more proximal locations between
2600 – 1700 cal. yrs BP. Although increased grain sizes can be related to greater wind speeds in
some instances, they can also indicate transport distances (Tsoar and Pye, 1987). Increased wind
strength alone would be expected to result in both increased dust flux and larger grain sizes.
However, in this case increased medium grain size occurs alongside reduced dust flux, implying
a change in dust source from more distal to more proximal is more likely to be the cause of this
change. A change in dust source is also indicated by magnetic susceptibility, high field strength
element rations and REE chemistry in Section 3 of the SVC core. Magnetic susceptibility was low
in both Sections 3 and 2 of the core by comparison to Sections 1 and 4. In addition, ratios of the
high field strength (e.g. Ta/Zr) and REE patterns imply a different dust provenance in Section 2
and 3 of the core by comparison to Sections 1 and 4. For example, by comparison to Section 4
of the core, REEs in Section 3 are more enriched in heavy REEs in respect to light REEs, with a
pronounced peak at Gd (pattern b; Fig. 4b).
In the context of the reduced dust flux and greater grain sizes, the change in geochemistry in the
SVC between 2600 – 1700 cal. yrs BP may also be interpreted as a switch to a more proximal
dust source. Alternatively, or in addition, it may also represent the transport of low land dust to
the study site. Namely, the north-easterly weather systems responsible for bringing more
moisture to the core site during this period may be transporting dust from the lowland braided
river systems of the Chaco to the North East of the SVC. During wetter conditions it would be
expected that greater river sediment transport may regularly recharge fine erodible sediment
available for entrainment. Large dust storms have been observed to be emitted from these
braided river channels by strong northerly winds (May, 2013). However, the larger grain sizes
detected in the core during this period suggest it is unlikely that dust from lowland sources
contributed substantially to the core site at that time. Consequently, although these
observations have captured occasional present-day dust storms, the possibility for more
frequent dust transport in the past remains uncertain, despite potential greater sediment
availability and altered transport pathways due to a stronger SASM.
The transition to more moist conditions at the SVC after 2600 BP is consistent with existing
studies that show increased precipitation reaching further southwards in the Central Andes at
the start of the late-Holocene. High-altitude lake records from sites between ~16°S and ~20°S in
the Bolivian Andes, suggest wetter conditions and neoglaciation commenced between 2400 110

2300 BP, likely as a result of an expanding and strengthening SASM at this time (Abbott et al.,
2003; Wolfe et al., 2001).

Figure 14. Schematic representing possible prevailing climatic and environmental conditions for
each section of the core. (a) Section 1 (Present – 400 cal. yrs BP), (b) Section 2 (400 – 1700 cal.
yrs BP), (c) Section 3 (1700 – 2600 cal. yrs BP), and (d) Section 4 (2600 – 4200 cal. yrs BP). See
section 5.2 of the manuscript for the text description.
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5.2.3

Section 2: 1700 – 400 cal. yrs BP: wet and cold conditions?

Excluding the cryptotephra at 1860 cal. yrs BP, dust flux remained low within Section 2 of core
(1700 – 400 cal. yrs BP) at approximately 5 g/m2/yr, with the exception of a 300-year period from
1000 – 700 cal. yrs BP when dust flux increased to ~10 g/m2/yr. As previously discussed, medium
grain size during this period was larger by comparison to Sections 1 and 4 of the core. At the
same time more negative C31 n-alkane dD values (-210 to -220) were sustained over most of the
period, while shrub pollen counts were low. In addition, a prominent spike in the P/A pollen
ratio marks the Section 3-2 transition. Together this evidence suggests wetter conditions
persisted at the core site between 1700 – 400 cal. yrs BP.
Although the dust flux and biological climate proxies show largely similar values in Sections 3
and 2 of the core, the physical structure between these zones is visibly distinctive. The peat
matrix in Section 3 is redder by comparison to the darker grey and more humified appearance
of Section 2. The age-model implies a much slower accumulation rate between 1700 – 400 cal.
yrs BP, suggesting that despite broadly similar climatic conditions (i.e. relatively humid
conditions), environmental conditions at the core site itself are different between Sections 2 and
3. At face value, the change in peat composition and reduced accumulation rate would imply
cooler conditions possibly associated with increased snow cover at the SV site.
The interpretation of cooler conditions between 1700 – 400 cal. yrs BP is supported by records
of glacial extent. Glaciers re-established in the Central Andes north of 17°S, associated with
increased precipitation from ~2500 cal. yrs BP (Abbott et al., 2003). Glaciers are thought to have
reached their maximum late-Holocene extent between the 14th and 17th Century CE (600 – 300
cal. yrs BP) (Jomelli et al., 2009), i.e. coinciding with Section 2 of the SVC core. The position of
the sampling site is considered conducive to the persistence of snow late in the season and low
evaporation. That is, the cirque from which the SVC core was extracted has a headwall to its
north and an easterly aspect, both of which limit direct solar radiation. Indeed, it is likely that
more limited evaporation at the site has facilitated the development of peat, which is relatively
sparse in the Central Andes. In addition, greater precipitation and an associated increase in cloud
cover may have also contributed to increased snow cover at this time. Under modern climatic
conditions in the Eastern Cordillera at latitude 22°S, the 0°C isotherm is at about 4000 m asl. in
the free troposphere, lower than the SVC site (4300 m asl.) (Garreaud, 2009), implying snow
cover persistence at the study site would be sensitive to changes in temperature and/or
precipitation. The low peat accumulation rate in the SVC between 1700 – 400 cal. yrs BP,
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combined with similarity in dust flux and biological indicators across the entire period from
2600-400 cal. yrs BP imply that the period between 1700 – 400 cal. yrs BP (Section 2) was marked
by more persistent snow cover inhibiting peat growth by comparison to 2600-1700 cal. yrs BP
(Section 3).
Increased snow persistence at the study site between 1700 – 400 cal. yrs BP is consistent with
records of sedimentation in and establishment of wetlands in river basins in the Bolivian Andes,
including around Lake Titicaca (Servant and Servant-Vildary, 2003). Based on the findings of that
study it was concluded that the period between 2700 – 500 cal. yrs BP experienced a greater
frequency of southerly and westerly airmass incursions to the southern Bolivian Andes resulted
in a more even year-round distribution of precipitation (Servant and Servant-Vildary, 2003).
These conditions would likely allow a great winter snowpack accumulation and snow cover (Fig.
14B). Although this may appear to contradict evidence for an increase in moisture from the
North-East, such a climate mechanism is not necessarily at odds with a stronger SASM, which is
itself a seasonal summer phenomena. In any case it does not affect the hypothesis of greater
snow cover at the core site during section 2.
The REE chemistry of dust samples deposited in the SVC core between 1700 – 400 cal. yrs BP are
broadly similar to dust deposited between 2600-1700 cal. yrs BP in Section 3 of the core. That
is, the chemistry of dust deposited during this period is enriched in HREE relative to LREE, and
displays a positive Gd anomaly (pattern b; Fig. 4b). However, a change in REE occurs in samples
deposited between 1000 – 700 cal. yrs BP. These dusts have an REE pattern which more closely
resembles dust deposited in Sections 4 and 1 of the core, that is before 2600 cal. yrs BP and after
400 cal. yrs BP. This incongruity is contemporaneous with increased magnetic susceptibility,
changing HFS element ratios (i.e. increased Zr/Ta ratios) and increased dust flux. At the same
time, albeit slightly delayed, an increase in C31 n-alkane dD values point to an abrupt, but short,
shift to more arid conditions in the Puna at this time. Other studies have also proposed a more
arid period in the Central Andes at this time and related it to the Medieval Climate Anomaly
(Bird et al., 2011b; Schittek et al., 2016). Alternatively, it may be a result of pre-Incan human
disturbance of the region, which has been detected in regional ice and lake cores from a similar
period (Cooke et al., 2011; Thompson et al., 1988), which may have altered dust flux and dust
provenance, but is less likely to have influenced C31 n-alkane dD.

113

5.2.4

Section 1: 400 cal. yrs BP – Present: Landscape disturbance and a weaker monsoon?

The uppermost section of the core (Section 1) is marked by an abrupt shift in core structure and
paleo environmental indicators. After 400 cal. yrs BP dust flux increased to the highest level
recorded in the core, >60 g/m2/yr and reaching a peak value of 173 g/m2/yr in the late 20th
Century. Greater dust flux is paralleled by a reduction in grain size, potentially representing the
deposition of dust from more distal sources (Derbyshire et al., 1998; Lawrence and Neff, 2009).
The REE geochemical data for this period of the core resembles the pattern seen in core Section
4 (pattern a; Fig. 4a). These REE chemistries display strong similarities to the REE patterns within
endorheic basins on the adjacent Puna, i.e. also implying a more distal dust source.
Elevated dust flux after 400 cal. yrs BP may be as a result of the desiccation of these endorheic
basins following a sustained period of sediment recharge during the wetter climate prevailing
between 2600 – 400 cal. yrs BP. However, the biological proxies in the core present a more
complex story during the top section. Initially, around 400 BP, C31 n-alkane dD values become
less negative, indicating drier/warmer conditions, however they then return to moderately more
negative values between 320 – 130 cal. yrs BP. Following this, they increase to a dD of -185 in
the 2000s CE, the least negative values recorded in the entire core. The structure of n-alkane dD
values in the uppermost section of the SVC show a close resemblance to the structure of d18O
values in cores from the Quellcaya Ice Cap, Peru, over the same period (Thompson et al., 2013).
We interpret this data as recording a rapid change to drier/warmer conditions at around 400
cal. yrs BP, followed by a short period of depleted isotopic values centred around ~1750 CE that
may well represent cooler and wetter conditions during the Little Ice Age (Jomelli et al., 2009;
Vimeux et al., 2009). Subsequently, the last 200 years have experienced increasingly dry
conditions, in part due to an SASM that is relatively weakened compared to the previous 2000
years (Fig. 14A). This reduction in moisture availability is evident in regional glacial retreats since
the 18th century (Jomelli et al., 2009).
Interestingly, during Section 1, Asteraceae pollen counts increase and markedly diverge from
the n-alkane dD values, the only region of the core where they do so. Although there was some
minor differences between these variables in Section 4 (4200 – 2600 cal. yrs BP), that was
attributed to a lag between climatic conditions at the core site and regional environmental
response. The divergence of Asteraceae / n-alkane dD after 400 cal. yrs BP is significantly more
pronounced and therefore is not attributable to the same effect. Pollen data from the Sajama
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Ice Cap, Bolivia, also attests to a period of regional environmental change over the past 400
years (Liu et al., 2005). In that study, a decrease in the P/A ratio between 1700 – 1875 CE (250 –
75 BP) is interpreted to indicate drier conditions during the LIA (Liu et al., 2005). However, this
is the opposite signal to the n-alkane dD values in the SVC which suggest a moderately wet
period at this time. This discrepancy in precipitation proxies could be attributed to the more
southerly latitude of the SVC compared to the Quelccaya Ice Cap, i.e. regional differences in
precipitation based on the position of the SASM and/or potentially the sensitivity of the isotopic
values to different factors (i.e. precipitation or temperature). Indeed, Quelccaya ice cap d18O
values have been linked to Sea Surface Temperatures in the Tropical Pacific Ocean (Thompson
et al., 2013; Vuille et al., 2003), while n-alkane dD values at the SVC are expected to record
precipitation, which under current climate conditions is primarily delivered via the SASM from
the tropical Atlantic (Fornace et al., 2014). Alternatively, the decoupling between climatic and
environmental proxies may be a sign of intensified human disturbance of the landscape, as
discussed in the sections which follow.
5.3

Human induced dust emissions?

After ~400 cal. yrs BP (1570 CE) there is a sudden increase in dust flux which continues until the
surface of the core. During this period dust flux exceeds >100 g/m2/yr at times, with overall flux
approximately 5 times greater than maximum background dust deposition recorded in the rest
of the core. This period coincides with increased human disturbance in the landscape.
Consequently, this unprecedented increase in dust flux appears largely attributable to human
activity in the Puna, that is, it is contemporaneous with biological and chemical evidence for
human activity and landscape disturbance.
The increasing role of human disturbance is evidenced by other changes within the core in
addition to increasing dust flux. As previously discussed, increasing dust flux matches the 16th
Century CE divergence of climate (as indicated by n-alkane dD) and vegetation (pollen). Shrubs
in the Asteraceae family are xerophytic, and their deeper roots allow them to proliferate in drier
environments to which they are more suited than Poaceae (grasses) (Liu et al., 2005). Below 150
mm (~400 cal. yrs BP), Asteraceae pollen abundance appears to roughly track n-alkane dD
values, albeit with a slight lag, implying Asteraceae increases during drier conditions. However,
in the most recent section of the core (post 400 cal. yrs BP) the n-alkane dD values remain
comparatively low, suggesting relatively moist conditions, while Asteraceae pollen abundance
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increases markedly, indicating drier conditions. This apparent contradictory behaviour in these
two variables may reflect the behaviour of Asteraceae following human disturbance, that is,
shrubs are known to succeed in environments where soil erosion and degradation has resulted
in reduced grass cover (Chartier and Rostagno, 2006). As such, the divergence between these
two proxies may represent anthropogenic disturbance of the landscape during the uppermost
section of the core. Thus this change, alongside increasing dust flux, point to increased human
disturbance, which in this case appears likely to result from the introduction of hard-hooved
livestock grazing (e.g. sheep) and associated removal of stabilizing vegetation and the break-up
of soil crusts (Okin et al., 2006).
There is a long history of human settlement of the Puna – Altiplano region adjacent to the core
site. Early evidence of ceramic technology for food storage in the region dates from 2900 yr BP,
while a pastoralist society involving the domestication of llamas is evident from as early as 2600
yr BP (Morales et al., 2009). Permanent village settlements with agricultural fields for a variety
of crops date to 2100 yr BP, however human habitation and land use in this arid environment
appear to be closely related to climate changes affecting the availability of water (Morales et al.,
2009). These early changes appear not to have resulted in significant landscape disturbance and
changes to dust flux, with conditions within the SVC core closely matching other regional
paleoclimate records. However, some effect of early farming cannot be ruled out.
After ~1000 CE there is evidence for more significant anthropogenic change in the region. This
includes population growth, intensification of landuse, and regional scale social reorganisation
(Lupo et al., 2007; Morales et al., 2009; Schittek et al., 2016). Interestingly, social reorganisation
at this time has been hypothesised to be related to a period of climate stress as a result of drier
conditions during the Medieval Climate Anomaly (MCA) (Lupo et al., 2007; Morales et al., 2009;
Schittek et al., 2016). Soil degradation and erosion, evidenced by the onset of valley incision in
the Puna occurred during this period, affecting vegetation composition (Kulemeyer, 2005;
Schittek et al., 2016). Alongside a more arid climate during the MCA, changes to human activity
may help explain the doubling in dust flux and switch in the REE pattern (described in section
5.2.3) during the 300-year interval from 1000 – 700 cal. yrs BP. Subsequently, the expansion of
the Inca Empire into the Puna which occurred between 1450 – 1570 CE is recognisable in
elevated mass accumulation rates (MARs) in regional lakes, although the environmental impact
was limited in comparison to the Spanish Colonial period that followed (Lupo et al., 2006).
With the beginning of the Spanish colonial period the introduction of hoofed animals from
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Europe and resource exploitation of the Puna – Altiplano and surrounding lowland areas caused
unprecedented environmental disturbance in the region from the 17th Century – late-19th
Century (Lupo et al., 2006; Schittek et al., 2016). The SVC contains evidence for three major
modes of human disturbance to the environment that occurred during this period. Increased
dust fluxes to the SVC attest to the intensification of livestock grazing practices from around 400
cal. yrs BP until the present causing broad scale vegetation disturbance on the Puna. Disturbance
from this time can again be seen in highly elevated MARs in lake sediment records (Lupo et al.,
2006), and through progressive erosion, valley incision and episodic accumulation of sediments
(Sampietro-Vattuone and Peña-Monné, 2016). Altered dust REE geochemistry in the uppermost
section of the core closely matches the REE signature of sediments from salars located in
endorheic basins on the Puna-Altiplano, likely reflecting disturbance of these environments for
salt mining, which has been taking place regionally since the 16th Century CE (Warren, 2014).
Finally, mining and smelting activity, predominantly for the extraction of Silver, which had been
occurring in the Puna-Altiplano since around 800 cal. yrs BP (Cooke et al., 2011), saw a rapid
expansion and intensification with the arrival of Spanish Colonialists from around 400 cal. yrs BP
(Uglietti et al., 2015). Enrichment of heavy metals has been widely detected in sedimentary
archives from the broader region (and within the studied SVC peat core), which accelerate to
reach peak values during the 20th Century with the installation of smelting plants for the regional
Pb and Ag mining industry (Hong et al., 2004; Lupo et al., 2006; Uglietti et al., 2015).
Recent large increases in Pb flux to the SVC in comparison to background levels found lower in
the core provide further evidence for the potential role of regional human disturbance in
contributing to the unprecedented high dust flux seen in section 1 (400 cal. yrs BP – Present).
Prior to 2300 cal. yrs BP ultra-trace element Pb data shows Pb flux to the SVC was stable at
around 1 mg/m2/yr. Following this period is a region of elevated Pb flux to the SVC between
2100 – 2300 cal. yrs BP, followed by a double peak in Pb flux coincident with presence of the
cryptotephra at around 1860 cal. yrs BP (Fig. 15), likely demonstrating the high Pb content of the
volcanic glass. The cause of the elevated Pb levels between 2100 – 2300 cal. yrs BP is uncertain,
however evidence for metallurgy and heavy metal pollution from pre-Hispanic civilizations has
been found in other South American cores at around this time (e.g. De Vleeschouwer et al.,
2014). This broad peak in Pb flux between 2300 and 1600 cal. yrs BP, is, however dwarfed by a
sustained increase in Pb flux which occurs after 400 cal. yrs BP (1550 CE). Increasing Pb flux
continues until the mid-Twentieth Century CE when it more than doubles to 11 mg/m2/yr. Incan
and subsequent Spanish colonial mining activities in the region are well documented and, as
such, elevated heavy metal concentrations have been found in numerous ice cores (e.g. Hong et
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al., 2004; Uglietti et al., 2015), lacustrine sediment cores (e.g. Cooke et al., 2011) and even
Patagonian peat cores from South America (De Vleeschouwer et al., 2014). These most recent
increases in Pb flux in the SVC are similarly most likely related to regional mining activities
undertaken in the Spanish colonial era, in addition to a global increase in atmospheric Pb
concentrations as a result of leaded fuel use in the 20th Century, respectively (e.g. see Marx et
al., 2016). Although not directly related to dust flux, heavy metal concentrations also track
generalised patterns of human disturbance, and global compilations of multiple studies
investigating both the human impact on Pb concentrations (e.g. Marx et al., 2016), and its affect
on dust flux (e.g. Hooper and Marx, 2018), have found broadly contemporaneous increases
during the Anthropocene, a pattern that has also been detected within individual sediment
cores (e.g. Marx et al., 2014b).

Figure 15. Pb Flux to the SVC. Elevated Pb flux is seen between 2100 – 2300 cal. yrs BP, and
centred around the cryptotephra event (1860 cal. yrs BP). In the top section of the core, since 400
cal. yrs BP, Pb flux to the core site has consistently increased, reaching its highest levels in the
late 20th Century CE.
Elevated dust flux in the SVC, which is most likely attributable to anthropogenic disturbance has
also been observed in a number of other global settings where human activity is also likely the
main cause of increased dust flux. Globally, human disturbance of landscapes has been
estimated to result in a doubling of dust flux globally since the 18th Century CE (Hooper and
Marx, 2018; Chapter 2), with some regions experiencing a factor of four increase in dust flux
following the introduction of industrial scale agriculture and the intensification of human
landuse (Marx et al., 2014b). Within the current study, it is probable that the intensification of
anthropogenic activity in an environment already undergoing a period of climatic change from
a wetter to a drier state (see section 5.2.4), resulted in the unprecedented high dust flux
recorded at the SVC site since the late 16th Century CE.
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6.

Conclusion

The results of this study confirm the climate and landscape of the Central Andes is highly
sensitive to paleoclimate/environmental change. In this region, relatively minor forcing factors
appear to result in shifts in the position and/or intensity of SASM which provides the main source
of moisture to this landscape. As a result, the SVC records marked paleoenvironmental change
over the past ~4000 years. These changes are concurrent with climatic changes recorded in
existing studies across the southern hemisphere tropical South American Andes and Altiplano.
The results of this study also re-confirm paleo-dust emissions are a sensitive tracer of broadscale landscape change. In this case, dust flux matches both other core proxies and existing
regional paleoclimate records and implies changes in moisture availability have driven changes
in dust emissions over the late Holocene in this environment. Specifically, the SVC record shows
the shutting off of regional dust emissions associated with the return of moisture and enhanced
snow cover in the Puna. The results of this study also further confirm the impact of human
landuse on increasing dust flux.
From the beginning of the record at ~4200 cal. yrs BP and prior to 2600 cal. yrs BP relatively arid
conditions predominated in the Eastern Cordillera. During this period it is likely that a more
northerly position of the ITCZ resulted in a weaker SASM and less moisture being delivered to
the core site and the high-altitude endorheic basins on the Puna-Altiplano. More arid conditions
in the endorheic basins and a more northerly position of the westerlies likely resulted in higher
dust entrainment as recorded by increased deposition in the SVC core at this time.
A major change in climate is recorded after ~2600 cal. yrs BP. This included reduced dust
deposition, more negative n-alkane dD and increased pollen concentrations, collectively
indicating more moist conditions. This change has been concomitantly recognised in other
regional records and is likely the result of an increasingly southerly positioning of the ITCZ and a
strengthening SASM bringing more frequent and intense precipitation to the core site region.
More frequent precipitation may well have led to greater water retention in the endorheic
basins and a greening of the landscape, making sediment less wind-erodible at the same time as
the westerly winds were moving further south.
The wettest period, denoted by low and stable n-alkane dD values and a spike in the P/A pollen
ratio, occurred between ~1700 – 1000 cal. yrs BP. During this period we hypothesise that greater
119

moisture arriving at the core site in combination with cooler temperatures and more cloud
cover, may have resulted in greater and more enduring snow cover at the core site, inhibiting
organic peat growth. A more southerly positioning of the ITCZ and associated greater
precipitation in the Central Andes have been linked to cold North Atlantic Sea Surface
Temperatures, the main source of moisture to the SVC (Fornace et al., 2014). Wetter conditions
within endorheic basins, more vegetation cover and a more dominant easterly airflow are likely
responsible for the continuation of low dust flux to the core site before 400 cal. yrs BP.
After 400 cal. yrs BP the SASM began to reduce in strength again and the climate and
environment around the SVC site dried. This resulted in an increasingly arid environment in the
Puna. Drying within the large endorheic, which had presumably been recharged with sediment
during wetter conditions over the preceding ~2000 years, combined with low landscape
vegetation cover, resulted in an environment with much greater dust entrainment potential. At
the same time, however, the landscape of the Puna began to experience increasing
intensification of human activity which would be expected to increase dust entrainment. Dust
flux recorded in the core increased rapidly from this time (the 16th Century CE), standing out as
unprecedented by comparison to the previous 3500 years recorded by the SVC core. This marked
change is therefore attributed predominately to human activity, albeit occurring within a
landscape experiencing a climate shift which would otherwise be expected to result in increased
dust production.
Overall therefore, this study confirms that, even within natural dust producing landscapes, the
impact of human landuse enhances dust emissions significantly, i.e., by a factor of 2-5 in this
case. This result confirms findings from other landscapes (see Marx and Hooper, 2018; Chapter
2) and fills an important spatial data gap in our understanding of the impact of human activity
on dust emissions. In addition, in this case, despite a long history of human landuse in the Puna,
dating back before 2600 years BP (Morales et al., 2009), it is not until the arrival of the Spanish
colonists during the 16th Century CE that dust flux markedly increased in the studied core. This
result implies that European style agriculture, alongside the escalation of resource extraction,
has resulted in more broad-scale landscape disturbance by comparison to the farming systems
which preceded it, confirming similar findings in other settings (see Marx and Hooper, 2018;
Chapter 2).
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Chapter 4
Increased dust flux in Tierra del Fuego matches the timing of
establishment of estancias (ranches) from the late-19th Century
1.

Introduction

In recent years, a growing body of paleoclimate records for southern Patagonia have been
created in an attempt to understand changes in the climate since the Last Glacial Maximum
(Kilian and Lamy, 2012). Despite a wide range of archives, including marine and lake sediments
cores, peat cores, and cave stalagmite records becoming available, there remain few Holocene
dust records. Previous research has tended to focus on interpreting environmental changes in
Patagonia through pollen analysis (e.g. Haberzettl et al., 2006; Mancini, 2009; Markgraf and
Huber, 2010), diatom and amoeba assemblages (e.g. Mauquoy et al., 2004; McCulloch and
Davies, 2001; van Bellen et al., 2016), plant macrofossils (e.g. Chambers et al., 2014, 2007), and
isotopic analysis (e.g. Pendall et al., 2001; White et al., 1994), but little attention has so far been
paid to the effect of climatic and environmental changes on dust emissions, which is a key
indicator of landscape response to change. This study was able to locate only three existing
Holocene dust records available for Southern Patagonia and Tierra del Fuego (Björck et al., 2012;
Sapkota et al., 2007; Vanneste et al., 2015). Despite the relative lack of dust records, dust can
provide important information about climatic and environmental change at spatial scales not
available from more widely used proxies. For example, isotopic proxies (e.g. δO18) provide
spatially broad information about global climate, while pollen likely reflects environmental
changes very local to the core site. Dust flux however, often indicates more regional landscape
change, (Marx et al., 2018). Furthermore, it is one of the few proxies that can be used to infer
windiness and airmass trajectories (Koffman et al., 2014; Petherick et al., 2009).
As well as responding to change, dust emissions contribute to Earth system dynamics, and dust
emitted from high latitude sources is becoming increasingly appreciated as a significant
component of the global dust budget, with recent studies estimating a contribution of
approximately 5% (Bullard et al., 2016; Groot Zwaaftink et al., 2016). Investigating high-latitude
dust dynamics is of particular importance due to dust interactions with sensitive cryospheric and
marine environments that may result in as yet poorly understood environmental and climatic
feedbacks, for example through altering the albedo of glaciers, speeding melt, and affecting
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atmospheric CO2 concentrations via fertilisation of the Ocean and stimulation of Primary
Productivity (e.g. Cook et al., 2016; Martínez-García et al., 2014). The role of dust is particularly
important in Patagonia as dust transport is the dominant sedimentary process, that is, dust
transports an order of magnitude more sediments than fluvial processes (Gaiero et al., 2003).
Therefore in this environment in particular, dust acts as an important nutrient vector between
different landscape components (Bullard, 2017). Dust flux has also been found to track glacial
fluctuations through the relationship between sediment generation/availability and dust
entrainment (Marx et al., 2018), however, this relationship is non-linear i.e., the relationship
between meltwater discharge and suspended sediment flux (Jansson et al., 2005), changing
surface moisture content of pro-glacial sediments, and windiness (Bullard, 2013), is complex.
For example, peak dust fluxes recorded in a peat bog adjacent to the Beagle Channel in southern
Patagonia have been interpreted as responding to a strengthening of the westerlies at that
latitude, mobilising sediments that were already available in the de-glaciated Beagle Channel
valley (Vanneste et al., 2015). Thus, as with other dust producing landscapes (sub-tropical arid
environments), dust emission from high-latitude cold climate sources is equally dependent on a
number of limiting factors, namely production, availability and transport capacity (see Bullard et
al., 2011). Regardless of these complications, Patagonia is thought to have been a very active
dust source during glacial periods with total dust flux 20 – 50 times greater than during the
Holocene (Lambert et al., 2008; Sugden et al., 2009). Although glacial processes have played an
important role in sediment production and consequently dust flux in Patagonia over most of the
late Quaternary, currently glacially derived sediment is thought to be relatively minor
contributor to dust emissions (Bullard, 2013; Gaiero et al., 2004). Despite the reduced
importance of glaciogenic sediments Patagonia continues to be a globally significant current
dust source, i.e. during the Holocene (Ginoux et al., 2012). The scale of activity of Patagonian
dust emissions has recently been demonstrated by remote sensing which has allowed large dust
plumes to be tracked as they are emitted from Patagonia over the Southern Ocean, sourced
from Tierra del Fuego (Gassó et al., 2010), and the San Julian Great Depression at approximately
50°S (Li et al., 2010), and San Antonio Oeste at approximately 41°S (Johnson et al., 2011), both
in South-Eastern Argentina, demonstrating the spatial scale and frequently active nature of
Patagonian dust sources.
As a result of its location and frequent dust activity, Patagonia is considered to be the main
source of dust to Antarctica, as indicated by geochemical fingerprinting (Gili et al., 2016;
Vallelonga et al., 2010), and to the Atlantic sector of the Southern Ocean (Gaiero et al., 2003; Li
et al., 2008). Because large regions of the Southern Ocean are Fe limited (Gaiero et al., 2003; Li
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et al., 2008), variability in the supply of dust-Fe from Patagonia to the remote High-Nutrient
Low-Chlorophyll Southern Ocean, has been proposed to influence atmospheric CO2
concentrations at Glacial – Interglacial timescales (see Kohfeld and Ridgwell, 2009), through
stimulating Primary Productivity (PP) and the biological C pump; a mechanism known as ‘The
Iron Hypothesis’ (Martin, 1990). Natural Fe input from Patagonian dust storms has been
recorded to stimulate phytoplankton blooms in the South Atlantic (Johnson et al., 2011), and
the research contained in Chapter 5 of this thesis demonstrates modern event-scale correlations
between dust-Fe and Methanesulfonic acid (MSA), a proxy for PP, in an ice core from South
Georgia island downwind of the HNLC Southern Ocean (Hooper et al., 2019). Developing highresolution records of Holocene dust emissions from Patagonia may help shape our
understanding of how this process has impacted the climate during interglacials.
In this chapter a high-resolution dust deposition record is presented. This dust record was
extracted from a peat bog in central Tierra del Fuego, close to the Magellan Strait. The mineral
content of the core is interpreted alongside geochemical data to allow the construction of a dust
flux record for the area over the past ~3500 years, spanning the late Holocene and the arrival of
European settlers and accompanying landscape change.
2.

Background and setting

2.1

Sources and magnitude of South American dust emissions

Today the most significant sources of dust in South America are found below 30°S (Ginoux et al.,
2012). Estimates of the continent’s total dust emissions are as high as 98.5 Tg y-1 (Mahowald et
al., 2010), although more conservative estimates state around 50 Tg y-1 (Ginoux et al., 2012; Li
et al., 2008). Argentine Patagonia is thought responsible for in excess of 70% of this dust flux (Li
et al., 2008). The aforementioned glacial outwash, and sediment-rich river basins are known to
constitute the major natural regional dust sources (Ginoux et al., 2012). However, in addition,
from the end of the 19th Century deforestation, ranching, and poor land management practices
(Aagesen, 2000), may have resulted in the creation of novel dust sources in the region.
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Figure 1. The PA-02 core site (black star) is located in the western Chilean half of Isla Grande de
Tierra del Fuego in southernmost Patagonia.
2.2

Regional setting

Tierra del Fuego (Fig. 1) is located at the southern tip of the South American continent, and
forms part of the Patagonian region that extends between 40-55°S. The region is situated
downwind of the South Pacific Ocean beneath the core of the mid-latitude westerlies (Garreaud
et al., 2009), and the perturbation of these strong humid oceanic winds by the southern Andes
results in one of the World’s steepest precipitation gradients (Garreaud et al., 2013). For
example, precipitation along a transect across the Andes at 53°S changes from >6000 mm/yr on
west of the divide, to 1000 mm/yr on the eastern flank of the Andes, to just ~400 mm/yr in the
eastern steppe (Schneider et al., 2003). As a consequence of its position precipitation in Tierra
del Fuego has a strong correlation with westerly flow, such that stronger westerly flow results
in greater precipitation in western areas and lower precipitation in eastern areas at both the
seasonal and annual scales (Garreaud et al., 2013). Although it has been suggested that
enhanced incursions of moist Atlantic airmasses may result in greater precipitation directly
adjacent to the eastern coast may occur under weakened westerly flow (Fey et al., 2009).
However, in the second half of the 20th Century, the core of the Southern Hemisphere westerly
flow was found to have migrated southwards, leading to increased windiness south of 50°S and
greater precipitation along the southern Andes and in Tierra del Fuego during this period
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(Garreaud et al., 2013; Thompson and Solomon, 2002).
The physical environment of southern Patagonia and Tierra del Fuego is closely inter-related
with its regional climate both now and over the Quaternary. Consequently, the high
precipitation zones in the Andes in the west and south of Patagonia and Tierra del Fuego are
humid mountainous landscapes with numerous fjords and glacial valleys (Clapperton et al.,
1995; Hall et al., 2013). Below the snowline (600 m asl in Tierra del Fuego), the slopes of the
Andes host cool-temperate Nothofagus forest (Markgraf and Huber, 2010). At lower altitudes
where annual rainfall exceeds 500 mm, directly to the east (and north in Tierra del Fuego) of the
Andes divide, exists a forest-steppe ecotone which is characterised by fens and sphagnum bogs,
interspersed with Nothofagus woodland. Further east (<500 mm/yr) a steppe landscape occurs,
consisting of tussock grasslands and a variety of hardy shrubs (Markgraf and Huber, 2010).
Due to its aridity much of southern Patagonia poses challenging climatic and environmental
conditions for the preservation of high-resolution dust records. The sharp precipitation gradient
means that the more arid areas with greater potential for contemporary dust emissions are
generally located to the east of the ice caps, peat bogs and lakes which would otherwise
preserve ideal high-resolution dust records (Marx et al., 2018). The prevailing westerly winds
transport dust away from the areas that may preserve the best records. Despite this, peat bogs
are common to Southern Patagonia, although they are restricted by the precipitationevaporation balance, with Sphagnum moss dominated ombrotrophic (rain fed) bogs found only
in areas with a year-round precipitation surplus (Grootjans et al., 2010). Although not occurring
in most ideal locations for constructing dust emission records, they nevertheless record aeolian
flux and therefore provide a perspective on patterns in dust deposition.
3.

Materials and Methods

3.1

Study location and core extraction

The PA-02 core was extracted from an oval-shaped peat bog (53.737 °S, 69.373 °W) located in
the central part of Isla Grande de Tierra del Fuego (Fig. 1). The modern annual climate in the
area surrounding the core site is cold and almost semi-arid with mean annual precipitation of
400 mm/yr and a mean annual temperature of 5°C (De Vleeschouwer et al., 2014; van Bellen et
al., 2016). The sampled bog has a domed surface and is situated near the top of an elevated area
in the landscape at an altitude of approximately 230 m asl. It is oriented on a northwest136

southeast axis, measuring approximately 600 m long by 300 m wide, and slopes slightly to the
south. The core site is at the north-eastern corner of a broader peat bog complex that covers an
area of approximately 2500 km2 in the central-western area of Isla Grande de Tierra del Fuego.
The peat bog forms part of the upper portion of an extensive infilled (with peat) channel system,
with satellite imagery implying the sampling site itself was previously occupied by a stream
channel, draining to the southeast along the long axis of the bog. The bog is composed mainly
of Sphagnum magellanicum and surrounded on all sides by low deciduous woodlands of
Nothofagus pumilio which is common to the area.
In December 2014, a 314 cm peat core was recovered from a raised area of peat on the northern
side of the bog using a 50 cm long Russian D-section corer. Between the extraction of each of
the seven core sections, the barrel was cleaned to remove any peat residue from the previous
section. Each core section was logged and photographed upon collection, and then mounted
and secured into 60 cm pre-cut sections of halved plastic pipe. Each section was wrapped in
plastic film and packaged for transport back to the laboratory. The presence of silt/clay and root
material at a depth of approximately 310 cm confirmed that the sediment beneath the bog had
been reached, i.e. that the entire peat sequence was sampled.
3.2

Core processing and Analysis

Prior to sub-sampling of the PA-02 core, each section was sequentially analysed via an ITRAX
core scanner at the Australian Nuclear Science and Technology Organisation (ANSTO). This
provided semi-quantitative relative concentrations of major and trace elements via μXRF at a 1
mm resolution using a Cr X-ray source at 35kV, 30 mA and an exposure time of 20 seconds.
Element concentrations are provided as counts per second (cps). The ITRAX scanner also
measured magnetic susceptibility as well as producing a detailed optical image of each core
section. Following ITRAX scanning the core was frozen at -16°C for storage.
Core cutting was undertaken in cleanroom conditions using a scalpel. The core was sliced in to
sub-samples whilst in a frozen state. The top 220 cm of the core were sliced at 5 mm resolution
and the final 100 cm were cut at a resolution of 10 mm per slice. The sliced samples were each
weighed and then dried in an oven at 60°C for 48 hours. The dried samples were then reweighed, allowing calculation of their original moisture content. A portion of each sample-slice
was combusted at 450°C for 12 hours. This process destroyed the organic component of the
sample and allowed quantification of the organic and mineral content of each slice. The mineral
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component of each sample was calculated as the mass of ash remaining after combustion as a
fraction of the dry weight of the pre-combusted sample. The combusted mineral component
was then stored for further analyses.
The ultra-trace element and Rare Earth Element (REE) compositions of 25 combusted samples
were analysed at the Department of Earth Sciences, University of Melbourne, Australia via
solution quadrupole ICP-MS on an Agilent 7700x instrument. Sample digestion was undertaken
in Teflon beakers on a hotplate at 150°C for 48 hours using 1 ml of a 2:1 mixture of concentrated
HF-NO3. Following digestion, residual fluorides were converted to nitrates with HCl and NHO3.
Enriched isotopes (6Li,

103

Rh,

187

Re

209

Bi and

235

U) were added to correct for internal drift and

matrix suppression. Samples were analysed using the ICP-MS protocol of Eggins et al. (1997) and
Kamber (2009). External precision was maintained by repeat analysis of a reference solution
every 5-8 samples. Laboratory blanks were analysed with each batch (n = c. 20) of digested
samples, to which results were corrected. The rock standard W2 was used as the calibration
standard, while external precision was assessed by analysis of the rock standards BHVO-2 and
JA-2.
Sub-samples of dried peat from between 0 – 310 mm were selected for dating by 210Pb Alpha
Spectrometry (n=12) at the Environmental Research Laboratories, ANSTO. The amount of
‘excess’ unsupported 210Pb (i.e. 210Pb from atmospheric deposition rather than in situ sources)
in a sample is used to determine its age. Lead-210 is assumed to be in secular equilibrium with
210

Po and 226Ra, allowing these isotopes to be measured to determine total 210Pb and supported

210

Pb, respectively. Unsupported

supported

210

unsupported

210

Pb was calculated from the difference between total and

Pb activity (Harrison et al., 2003). Sediment ages were then determined from
210

Pb activity using both the Constant Initial Concentration (CIC) (Robbins and

Edgington, 1975) and Constant Rate of Supply (CRS) (Appleby and Oldfield, 1978) models.
Sample ages were corrected for moisture content and dry bulk density.
Leaf fragments (n=4) and bulk sediments (n=9) from between 490 mm and the base of the core
(3230 mm) were selected for dating by

14

C accelerator mass spectrometry (n=13) on the

ANTARES instrument at ANSTO. The samples were pre-treated using sequential treatments of
NCL-NaOH-HCL to remove mobile or mineral carbon factions including carbonates, fluvic and
humic acids and atmospheric CO2. Samples were then combusted and graphitised according to
the ANTSO protocols (Fink et al., 2004; Hua et al., 2001). The returned 14C ages were calibrated
using the SHCal13 curve for the Southern Hemisphere (Hogg et al., 2013) in the Oxcal program.
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4.

Results

4.1

Geochemistry

Trace element concentrations through the studied core can provide first order information
about changing dust input and changes in the source of dust (or other mineral matter) being
deposited at the bog. They can also indicate hydrological changes to the bog and can
demonstrate anthropogenic disturbance (via metal contamination). In the sections which follow
the changes in trace element concentrations in the bog, as determined by ICP-MS analysis, are
presented in terms of these factors (See Appendix for a full table of trace element
concentrations in the core).
4.1.1

Soluble elements

Element concentration data from ICP-MS analysis signal that substantial changes in
geochemistry have occurred at the core site. For example, concentrations of Ca are relatively
low beneath 2200 mm depth, after which they increased by 2 – 3 times. Similarly, concentrations
of Sr, which is almost as soluble as Ca, share a similar pattern to Ca concentrations (Fig. 2), and
are also enriched by 2 – 3 times between 650 – 1910 mm, in comparison to the region of the
core below. The change in Ca and Sr concentrations imply a change in the hydrology of the peat
bog at approximately 2000 mm depth. Above this depth Sr and Ca are accumulating in the peat,
likely reflecting increased dominance of aeolian input (in particular sea spray) and/or transport
of Ca and Sr from lower in the core and its precipitation above this depth. That is, the bog
saturates from the bottom up (typical of ombrogenous peat) and concentrations of Ca and Sr
increase at the point they begin to precipitate within the peat matrix. Both Ca and Sr are
enriched in seawater (Bruland and Lohan, 2003), and high Sr concentrations in aerosols have
been found to be indicative of oceanic airmasses (Marx et al., 2014). As Tierra del Fuego is
heavily influenced by midlatitude westerlies and therefore by oceanic airmasses from the South
Pacific, the sampling site would be expected to record a pronounced sea salt signal.
Consequently, the Ca and Sr profiles suggest the section of the core below 2200 mm is more
minerotrophic (see Fig. 9), that is, it receives moisture input from both atmospheric and
groundwater sources. However, above 2000 mm there is a transition to more ombrotrophic
conditions as implied by increased Ca and Sr input indicative of sea spray.

139

Figure 2. A selection of soluble elements in the core plotted against depth. Ca and Sr
concentrations likely represent a transition from minerotrophic conditions at the core site below
2200, to ombrotrophic conditions above that depth. Rb and Cs are enriched at the top of the core
indicating movement in the water table and occasional drying of the bog surface down to a depth
of ~650 mm.
Other soluble elements, Rb and Cs, display low concentrations below 1100 mm depth and
increased concentrations (by 3 – 4 times) above 650 mm depth (Fig. 2). The higher depth at
which concentrations of these elements increase by comparison to Sr and Ca, imply that the
comparably less soluble Rb and Cs are not precipitating in the peat until higher in the core. Both
elements also display elevated concentrations in a single data point at a depth of 1025 mm.
Together, soluble element concentrations suggest that above 2200 mm the bog formed under
ombrotrophic conditions and therefore above this depth all mineral input is assumed to be
aeolian, conversely it is noted that an aeolian provenance for mineral material in the sub-2200
mm portion of the bog is not certain.
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4.1.2

Elements indicative of aeolian input

In contrast to the pattern shown by the soluble elements (Ca and Sr), the conservative elements
display almost inverse patterns in concentration through the studied core. For example, Ti
concentrations, which are considered to be a good proxy for mineral input, display a pattern of
more elevated concentrations of 1500 – 2500 ppm (note; these data have a relative standard
deviations of 1-2% at ppb concentration) below a depth of 2200 mm, overlain by a section of
reduced concentration (1000 – 1500 ppm) between 650 – 2200 mm, before a return to greater
concentrations of 1500 – 3000 ppm in the top 650 mm of the core (Fig. 3).

Figure 3. Ti and conservative stable elements La and Sc are plotted against depth. Although Ti
concentrations increase at the top of the core, La and Sc concentrations reach their lowest values
in the core. However, both La and Sc both display higher concentrations below a depth of 2200
mm. It is likely that Ca, the most abundant of the elements measured in the core, dilutes the
relative concentrations of La and Sc when it increases above 2200 mm.
These patterns are broadly mirrored by those of other conservative elements (e.g. La and Sc).
Although the most elevated region of Ti (~3000 ppm at 133 mm depth) does not show similarly
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high concentrations to that of La and Sc as would be expected if all three were responding to
increased dust input from a single source. Instead, the highest sustained concentrations of La
and Sc are present in the deepest section of the core below 2200 mm (Fig. 3). Above this depth
the concentrations of both these, as well as other conservative elements Lu and Y (not shown),
decrease to concentrations 3 – 6 times lower than in the bottom of the core.
4.1.3

Rare Earth Elements as indicators of changing dust provenance

REEs are considered to be conservative during transport and post-deposition (Allan et al., 2013;
Marx et al., 2009) and are thus suitable for investigating the provenance of dust deposited in
the PA-02 core. That is, increases or decreases in the relative concentrations of REEs in the core
reflect changes to the source(s) of dust supplying the core site. Dust sample REE signatures were
normalised against Upper Continental Crust (UCC) values (McLennan, 2001). One approach to
using REE to examine dust provenance is to standardise the REE concentrations so that each
element is expressed in terms of its Euclidian distance from either potential source sediments
(see Marx, et al., 2005) or from a standard i.e. UCC. In this case, the standard UCC was used
because an appropriate library of the chemistry of potential dust source sediments did not exist.
Despite this, differences in REE concentrations from UCC can be used to infer changes in dust
source area. The general pattern of UCC-normalised REE concentrations in PA-02 core samples
is a distinct positive Eu anomaly compared to other REEs (Fig. 4). The first step of the UCCnormalised REE calculation process corrects for the potential dilution effect of quartz minerals,
because quartz host few trace elements. This is achieved by shifting the REE concentrations for
each sample so they are equal to the sum of all the REEs (equation 1), that is by calculating the
relative concentration of elements in each sample by multiplying Ed(i) by the number of elements
(En) and dividing by the sum of normalised differences (SED; equation 1). This allows the REE
concentrations of samples with different quartz contents to be quantitatively compared.
Following this, the relative enrichment of each REE within a sample can be calculated as a
function of how it varies around a standard value of 1, thereby informing whether the
geochemistry for that sample is relatively enriched or depleted in certain REEs relative to UCC.
The geochemical fingerprint of a dust sample (REED), and thus the potential source(s) that
supplied dust to a specific sample, is thus identified from:
*
REET = 5""'U?
VW"X(') ∗ "HZ/S"T V

(1)
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where REED is the fingerprint of a dust source, and a sample in which relative REE concentrations
perfectly match relative average REE concentrations of the UCC (McLennan, 2001) would display
an REED of 1. En is the number of REEs (n=14). Ed(i) is the concentration of a particular trace
element in the dust sample normalised to the average UCC concentration of that trace element
(equation 2):
(2)

"X(') = "X[(\(') /"[]](')

where the subscripts ‘ucc’ and ‘dust’ denote average UCC concentration and the dust sample
concentration, of a particular trace element respectively. SED is the sum all the individual Ed(i)
values (equation 3):

S"T = ∑*'U? "X(')

(3)

The resultant REED provides an overall indicator of changes in dust provenance within the PA-02
core (Fig. 4). Two main sections of the core are apparent based on the REED signatures. Above
1200 mm (section a; Fig. 4) the majority of samples show a trend to increased enrichment of
heavier (H)REEs in contrast to samples from below that depth (section b; Fig. 4). However, there
are a number of similarities in the REED signatures of most samples throughout the core. These
are 1) a marked positive Eu anomaly, 2) an increasing depletion trend towards lighter (L)REEs,
3) a less pronounced positive Dy anomaly. Two samples above 1200 mm exhibit REED signatures
more enriched in LREES and less enriched in HREEs when compared to other samples from
section a. These samples, from depths of 27.5 mm and 407.5 mm, coincide with the highest
Ta/Hf ratios (Fig. 4), and may be indicative of a distinct dust source that is not active in supplying
the core site at other times. At the bottom of section b of the core, the deepest sample from
3023 mm displays a distinct REED signature which is less depleted in LREEs, similar to the two
anomalous samples from section a. Above this, two further samples from 2773 mm and 2903
mm appear to be slightly more enriched in HREEs than other samples from section b of the core.
All other samples in section b, below 1200 mm, exhibit a high level of conformity.
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Figure 4. Standardised REE values through the core normalised to UCC (see main text for
standardisation details). (a) The top 1200 mm of the core has UCC-normalised REE geochemical
signatures distinct from those found beneath 1200 mm. (b) Beneath 1200mm REE signatures
appear relatively similar to one another with the exception of the basal sediments (red), which
have a unique Light REE profile. Ta / Hf ratio data are displayed for reference alongside colour
coded core sections matched to the different UCC-normalised REE geochemical signatures of
those sections.
Other conservative elements including Ti, and high field strength elements Ta and Hf, have been
utilised as proxies for dust deposition (e.g. Allan et al., 2013; Marx et al., 2009; Shotyk et al.,
2001) in addition to REE concentrations. Elevated Ti concentrations in the top 650 mm of the
PA-02 core, indicating increased dust input, are accompanied by changing high field strength
element ratios, e.g. as an increasing Ta / Hf ratio (Fig. 5). Such changes imply a change to a
different and/or an additional dust source (Marx et al., 2018; Marx and Kamber, 2010) in the
section of the core above 650 mm. Interestingly, an earlier increase in the Ta / Hf ratio at 1025
mm matches the depth of elevated Rb and Cs concentrations. While the reasons for this are
uncertain, it is noted that the Cs concentration profile (Fig. 2) shares similarities with the Ta/Hf
ratios (Fig. 5), suggesting that internal bog hydrology (as indicated by increased Cs and Rb
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precipitation) reflects changes to environmental conditions in the broader region, as implied by
changing Ta/Hf ratios indicating a shift in the dominate source of dust to the bog.

Figure 5. The ratio of high field strength elements Ta / Hf plotted alongside Ti concentrations.
The concentrations of heavy metals Pb and Sn are also plotted against depth.
4.1.4

Elements indicative of anthropogenic perturbation

The top portion of the core above 650 mm records greatly increased concentrations of the heavy
metals Pb and. In this section (marked by a yellow band in Figs. 2 – 5), Pb concentrations increase
by 2 – 4 times to between 15 – 26 ppm from a range of 6 – 15 ppm in the portion of the core
below 650 mm. Although Sn concentrations show a slightly different enrichment pattern, they
also record a factor of 2 – 4 increase in the same period relative to deeper in the core. The
increase in heavy metal concentrations in the core matches the depth at which Ti concentrations
increase (representing total mineral input), and the elevation of the Ta/Hf ratio (representing
possible dust source change) perhaps pointing to a broader scale reorganisation in the sources
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and constituents of dust being transported to the core site.
4.2

Age control

Unsupported

210

Pb (Table 1) activity was low in the PA-02 core. This presumably reflects low

rates of 210Pb production in the ice, peat and ocean dominated environment (see Turekian et al.,
1977) of Tierra del Fuego. The relatively high unsupported versus supported 210Pb activity at the
top of the core, however, suggests high levels of atmospheric Pb deposition, that is dust
scavenges 210Pb from the atmosphere during transport (Marx et al., 2005b).
Unsupported 210Pb does not show a clear decline with depth in the upper 95 mm of the peat
profile, implying

210

Pb is mobile within the peat matrix. Despite this, the lower two samples

display lower activity compared with the samples above. Therefore although 210Pb does not
consistently decline with depth over all the analysed samples there are two clear regions of
activity. These allow construction of ages using the Constant Rate of Supply (CRS) (Appleby and
Oldfield, 1978) and the Constant Initial Concentration (CIC) (Robbins and Edgington, 1975)
methods (Table 1). Both age models produce relatively constant accumulation rates across the
analysed samples, although the CIC model suggests a lower accumulation rate than the CRS
model, producing an age 23 years (approximately 50%) older than the CRS model at a depth of
155 mm. Due to the lack of a clear decay in unsupported

210

Pb down the depth profile, ages

produced by both models should be treated with caution. However, the CRS model is more
frequently applied in peat studies (Marx et al., 2016), and matches more closely with the
accumulation rate calculated from radiocarbon ages lower in the core, and therefore was
selected for constructing the PA-02 core chronology. Table 1 displays the age model residuals
for the CRS model, that is, the difference in age between the CRS model and the composite age
model (Figs. 6 & 7; constructed from both the 210Pb chronology and 14C ages) applied to the PA02 core.
Carbon-14 dating was undertaken on two different carbon fractions in separate batches (Table
2). Bulk peat was initially dated using AMS. However resulting dates contained age reversals or
widely separated depths with the same ages, (i.e. the ages of samples at 2773 mm, 3013 mm,
and 3133 mm), and as such appeared to show greater variation in peat accumulation rate than
was expected from the physical core structure (grey crosses; Fig. 7). Consequently, further 14C
dating was undertaken on macro fossils to validate the bulk peat ages. Fossil Sphagnum leaves
and stems were individually selected under a microscope for further AMS 14C dating. The dates
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produced by these samples produced an almost linear age – depth relationship in the top
2200mm of the core with an accumulation rate of approximately 2mm/year.

The disagreement between the two carbon fractions likely represents either

14

C mobility or

contamination of some bulk peat sediments by other carbon fractions, i.e. introduction of
modern C via roots, and discrepancies in the ages of bulk sediments and macrofossils are well
documented (e.g. Field et al., 2018; Grimm et al., 2009; Piotrowska et al., 2011). Sphagnum
leaves and stems are more likely to be free from these problems and therefore the ages
produced on Sphagnum leaves and stems are considered more accurate in this context.
Accordingly, where the ages from different C fractions showed substantial disagreement, dates
from the earlier bulk sediment run were excluded from the age model. Samples that were
excluded in the creation of the age model are marked by grey rows in Table 2 and grey crosses
in Figure 7. The oldest leaf macrofossil date is from a depth of 2080.5 mm and therefore ages
are less certain beneath this depth for the oldest part of the core.
The age model for the core was constructed as a composite of a linear interpolation for the top
section and a 4th order polynomial for the lower portion of the core. Polynomial age models
failed to fit the 210Pb chronology at the top of the core, producing age residuals outside of the
individual sample date errors. Consequently a composite age model was chosen. A linear fit (Fig.
6) was calculated for the seven 210Pb CRS ages and the first accepted 14C radiocarbon date at the
top of the core (0 – 636 mm). This line explains >99% of variance in age with modest residuals
that fall within the error margins for the respective sample dates (Table 1 and 2). Despite the
uncertainties introduced by the irregular decline in unsupported

210

Pb in the PA-02 core,

independent evidence for the age model being broadly acceptable over these depths is provided
by the timing of increases in heavy metal concentrations in the core (Fig. 4 & 12), which broadly
match globally documented increases related to anthropogenic activity (see section 4.3).
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Figure 6. The linear age model for the top 636 mm of the core. The seven Lead-210 dates are
displayed by red circles, and the most recent accepted 14C date is represented by the blue triangle.
Between 636 – 3138 mm a 4th order polynomial curve was fitted to the six accepted 14C dates
(Fig. 7). This curve explains >99% of variance in age and depth and falls within the 1s error range
of all except one date, at a depth of 2313 mm (Table 2). The accumulation rate gradually
decreases towards the bottom of the core, reflecting the physical core structure which is
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assumed to experience increased compression with depth increases, especially beneath a depth
of 2200 mm where the core appears to be more minerotrophic (see following sections). The age
model is therefore believed to provide an accurate approximation of accumulation in the core,
despite the disparity in sample ages from different AMS radiocarbon analysis runs.

Figure 7. The age model for the full core. Between 636 – 3138 mm a 4th order polynomial curve
has been fitted to the six accepted 14C dates (blue triangles). Seven 14C dates (grey crosses)
calculated from bulk peat samples were discarded due to large variations in accumulation rate
among these samples. The seven Lead-210 dates at the top of the core are displayed by red
circles.
4.3

Sediment (dust) flux to the PA-02 Core

Sediment (largely dust) flux to PA-02 was calculated by dividing the mass of mineral content in
each core slice by the time period covered by that core slice, as determined by the age model.
Sediment flux was relatively low (<8 g/m2/yr) over most of the ~3300 year period covered by the
core (Fig. 8). At the bottom of core, beneath 3000 mm depth (prior to 3300 cal. yrs BP), basal
clay sediments were encountered, consequently sediment flux approaches 8 g/m2/yr. For much
of the remainder of the period covered by the core (600 – 3300 cal. yrs BP ) sediment flux
predominantly remained between 0.8 – 1.5 g/m2/yr, with the exception of a ~100-year elevated
period just prior to 1200 cal. yrs BP when sediment flux reached 2.4 g/m2/yr. After 400 – 500
cal. yrs BP sediment flux increased up to 4 g/m2/yr (blue band, Fig. 8), with more significant
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increases in flux occurring at around 110 cal. yrs BP, including a peak where sediment flux
reached 7.5 g/m2/yr (yellow band, Fig. 8).

Figure 8. Calculated dust flux to the PA-02 core plotted alongside the ITRAX μXRF measured Ti/Cr
(coh) ratio, and ICP-MS measured concentrations of Ti and Nb. Note that only sediment input is
shown as a flux while the Ti / coh ratio values, and Ti and Nb concentrations are just plotted
against age. Gaps in the Ti / coh ratio data are located at the ends of subsequent ITRAX scanned
core sections where anomalous values have been cleaned.
ITRAX core scanner μXRF measurements offer a further method, (alongside trace elements
analysed by ICP-MS) of investigating changes in mineral flux to the core, particularly as data are
produced at high spatial resolution (millimetre scale). Titanium counts provide an indication of
mineral flux through the core. The timing of the increases in sediment flux correspond to
changes in ITRAX μXRF measured Ti/Cr (coh) ratios, a measure often used as a proxy for mineral
input in sediment cores (e.g. Ohlendorf et al., 2014; Schittek et al., 2016). Cr (coh) scatter peaks
track variations in the sample matrix, and coh is therefore used to normalise Ti counts for these
effects (Guyard et al., 2007; Rothwell et al., 2006). Notably, at 1200 cal. yrs BP, the time at which
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the bog begins to transition from a more minerotrophic to a more ombrotrophic state, the
Ti/coh ratio decreases rapidly to slightly more than half of its pre-1200 cal. yrs BP values (Fig. 8).
Subsequently, the Ti/coh ratio increases between 400 – 500 cal. yrs BP and again after 110 cal.
yrs BP, matching the timing of increases in sediment flux and providing further evidence for
periods of increased mineral deposition to the core site.
The pattern shown by the Ti/coh ratios in the core is also demonstrated by the ICP-MS measured
concentrations of Ti and Nb, both of which are considered to be good proxies for mineral input.
Like Ti/coh ratios, after 1200 cal. yrs BP Ti and Nb concentrations also decrease, reaching minima
at around 800 cal. yrs BP (Fig. 8). Increases in Ti and Nb concentrations are less apparent
between 400 – 500 cal. yrs BP , although concentrations of both elements appear to show
greater variability in the period after 500 cal. yrs BP. However, in agreement with sediment flux
data and the Ti / coh ratio, Ti and Nb concentrations become elevated to their highest levels in
the core after 110 cal. yrs BP (Fig. 8), representing high mineral input during the last ~200 years.
5.

Discussion

5.1

Development of the peat mire and changing hydrological conditions

The geochemistry of the core suggests changes to the internal hydrology of the bog have
occurred over its history. Specifically, there appear to be broadly three geochemical zones
reflecting different hydrological conditions. These are 1) the section in which the bog formed
during more minerotrophic conditions (Fig. 9), that is when the bog was a fen, 2) the section in
which the bog grew under ombrotrophic conditions, but which is now permanently below the
water table, and 3) the uppermost ombrotrophic section of the bog which is susceptible to
seasonal drying. The lowermost minerotrophic section of the bog, beneath the fen/bog
transition at a depth of 2200 mm (prior to ~1200 cal. yrs BP) is evidenced by relatively elevated
Ti concentrations and a higher Ti/coh ratio, representative of greater mineral input, alongside
highly enriched La and Sc concentrations. Lanthanum and Sc are considered conservative and
immobile in peat (Marx et al., 2011; Shotyk et al., 2001). During this period, it is likely the bog
would have been receiving mineral input from both alluvial and aeolian sources.
The transition from minerotrophic fen to ombrotrophic bog occurred between 2200 – 1910 mm
(roughly 1200 – 800 cal. yrs BP). This is evidenced by decreasing Ti, La and Sc concentrations. At
the same time soluble elements including Ca and Sr, which are known to be mobile within peat
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(Shotyk et al., 2001), show abruptly increased concentrations. That is, the pattern of high
concentrations of conservative stable elements (La, Sc, REEs), and low concentrations of soluble,
mobile elements Ca and Sr, below 2200 mm reverses above 1910 mm.

Figure 9. The hypothesised structure of the peat bog, showing how the PA-02 core spans the
transition from a minerotophic to an ombrotrophic state and reaches the basal sediments
(Diagram adapted from Le Roux and Shotyk, 2006).
The change in abundance of Ca above 1910 mm depth, results in Ca accounting for 87 – 96 % of
the sum concentrations of all measured elements. This dilutes the relative concentrations of La,
Sc and other conservative and less abundant elements in the core. The mechanism supporting
increased Ca and Sr deposition is likely related to the mode of moisture input to the bog. Below
2200 mm, while the bog was in a more minerotrophic fen state, any alluvial input would have
the effect of diluting atmospheric Ca and Sr concentrations, while in addition it is also likely that
the higher Ca and Sr concentrations result from mobilisation of Ca and Sr from lower in the bog
and its precipitation above this depth (Marx et al., 2014).
Further evidence for a marked transition in the sources of mineral input to the bog above 1910
mm in comparison to the section beneath this depth is provided by the results of a cluster
analysis on sample REE geochemistry (Fig. 10). Cluster Analysis was performed on the core
sample REE geochemical data in addition to visual interpretation of sample REED signatures. REE
concentrations were first converted to Z-scores and then sorted using a Ward’s Minimum
Variance algorithm and a Euclidean similarity index and the results were constrained. The
cophenetic correlation coefficient of 0.853 suggests that the chosen cluster analysis has a high
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goodness-of-fit. Using a dissimilarity threshold of 3 resulted in the identification of five clusters
of broadly contiguous samples which form core sections that are characterised by similar REE
geochemistry (Fig. 10). These broadly conform to the boundaries identified based on visual
inspection of REED signatures alone (Figs. 5 & 10). Specifically, both cluster analysis and visually
identified boundaries within REED signatures in the PA-02 core occurred at depths of 1200 mm
and between 1910 – 2200 mm, and also indicated that the basal sample has a distinct
geochemistry from the core section immediately above it.
With the exception of the deepest core sample, which likely reflects basal sediments, REE
geochemical clusters d & e, that constitute the sub-1910 mm part of the core, and the REE
geochemistry characteristic of the upper part of the core (clusters a, b & c) have the highest
degree of dissimilarity, suggesting that the sub-1910 mm section of the bog is incorporating
mineral material with a different geochemical signature, i.e. from a different source, compared
to the section above. The likely explanation is that the lower minerotrophic part of the bog
formed under markedly different conditions than the upper part, that is, it was receiving
moisture and mineral deposition from both atmospheric and alluvial sources. Furthermore, the
dissimilarity between clusters d and e, again define a zone of transition between 1910 – 2200
mm. The REE geochemistry cluster analysis is therefore consistent with a radical change in the
trophic status of the bog at this boundary.
As previously discussed, the bog likely grew under ombrotrophic conditions above a depth of
1910 mm, or after ~800 cal. yrs BP (Fig. 9), however, changing concentrations of soluble
elements suggest that the permanent water table has risen to a depth of approximately 650
mm. Evidence for this is provided by reduced Sr concentrations above 650 mm, while other
soluble elements Rb and Cs display elevated concentrations above this depth. These
concentration profiles suggest that under current conditions the bog wets from the bottom up
(i.e. it fills up like a closed basin), and a rising water table carries Rb and Cs in solution to the top
of the core where it is precipitated near the surface of the bog in occasional surface drying
events. Mean annual precipitation in the local area of the core site is approximately 400 mm/yr
(De Vleeschouwer et al., 2014), and during periods of higher temperatures and dry winds in
summer it is therefore likely that the bog experiences a seasonal negative water balance (Kilian
and Lamy, 2012). This is consistent with observations of surface drying of bogs during summer
albeit in the more arid north-eastern parts of Tierra del Fuego (Grootjans et al., 2010).
Accordingly, the effects of altered hydrology must be considered when using peat bogs as
sedimentary archives of paleo-dust flux.
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Figure 10. Rare Earth Element Cluster Analysis revealed five distinct geochemical clusters in the
core separated at a dissimilarity level of 3. Ti concentration data are displayed for reference
alongside colour coded core sections defined by the five different REE geochemistry clusters.
5.2

The paleo-environmental implications of changing dust flux

In comparison to glacial periods, under current climatic conditions there is relatively limited
capacity for sediment production in Patagonia, while sediment availability is also likely to be
restricted. Following deglaciation, fine meltwater sediments produced by glaciers tend to be
trapped by the pro-glacial lakes into which many glaciers in the region now terminate (Gaiero et
al., 2003; Sugden et al., 2009). In addition to the retention of sediments by lakes and reservoirs,
low precipitation to the east of the Andes contributes to low fluvial sediment yields in Patagonia
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(Gaiero et al., 2003), and therefore limits sediment recharge. That is, there is lower availability
of sediment which may otherwise later be available for entrainment as dust. The major
contemporary sources of Patagonian dust are considered to be alluvial fans, exposed lake beds
and re-entrained volcanic ash (Bullard et al., 2016). Accordingly (excluding episodic volcanic ash
availability), dust emissions from southern Patagonia are likely to be controlled by the processes
that enhance or restrict dust entrainment from these environments. Sediment availability is
likely related to changes in moisture balance through impacts on a) vegetation cover (i.e.
reduced vegetation cover during periods of low moisture availability would result in greater
exposure of loess sediments), and b) lake water levels (i.e. the filling of ephemeral lake basins
during periods of greater moisture availability would reduce the area of exposed erodible
sediments). Transport capacity is a function of windiness, which in the Patagonian environment
is related to the strength and latitudinal positioning of the westerlies (Vanneste et al., 2015).
Although changes to moisture availability and windiness are not independent from one another,
their regional relationship is complex. Increased westerly wind intensities result in increased
precipitation in the southern Andes and reduced precipitation in the eastern steppe and such
changes can operate at seasonal and multi-annual timescales (Garreaud et al., 2013). During the
late Holocene, it may be expected that increases in dust flux would result from more intense
westerlies over southern Patagonia. This would result in greater aridity in the eastern regions
which host the ephemeral lake basins that constitute the major dust sources. As discussed in the
previous section, changes in regional moisture balance may also affect bog hydrology and the
post-depositional mobility of soluble elements. Consequently, mineral input and dust flux to the
bog must be interpreted within the framework of the climatic and hydrological conditions under
which the peat formed and continues to grow. Therefore, it is necessary to separate changes in
dust flux and source on one hand, from internal changes in the peat which may otherwise affect
its use as a sedimentary archive.
The conservative, stable elements Ti and Nb serve as proxies for mineral input into the peat
mire, but they may represent deposition from alluvial as well as aeolian sources. Thus, higher
concentrations of Ti and Nb, alongside an elevated Ti/coh ratio prior to 825 cal. yrs BP (Fig. 8),
may be related to alluvial sediment wash-in in addition to aeolian input during the period in
which the bog was a minerotrophic fen. Alternatively, a greater degree of decomposition and/or
compression in the core may explain the higher element concentrations, and the generally low
dust (mineral) flux prior to 825 cal. yrs BP would appear to support this interpretation.
After 825 cal. yrs BP, during the period in which the peat bog became fully ombrotrophic there
155

are two periods of elevated dust flux, between 400 – 475 cal. yrs BP and from 110 cal. yrs BP
until present (Fig. 11). During the first period, dust flux appears to increase approximately 3 – 4
fold, reaching peak values of 4 g/m2/yr, the highest sustained values in the entire core. However,
concentrations of Ti and Nb, also proxies for mineral input, do not appear to substantially
increase at this time, although there is a small elevation in the Ti/coh ratio. Further analysis of
the core structure shows that there is a marked phase of higher decomposition in the
corresponding core section (Fig. 11). A 150 mm unit of accumulation between a depth of 1260
– 1410 mm in the third core section is visibly darker and hosts more substantial root fragments.
The ratio of wet sample mass to dried sample mass is considerably lower in this unit (Fig. 11),
reflecting the greater density of more decomposed organic material. Cluster analysis of the REE
geochemistry of mineral content in the core shows that the source of dust in this section is likely
the same as for the low mineral input phase from 1575 – 1910 mm, but different to the high
mineral input phase in the top 650 mm (Fig. 10). Although this does not unequivocally rule out
increased dust flux in the 1260 – 1410 mm section, the combination of evidence further
strengthens the possibility that changes to bog composition played a greater role in the
increased mineral component of this section, rather than large increases in aeolian deposition.
In theory, this change in relative accumulation should be accounted for in the age model,
however as this section of the core falls between dated samples, it is possible that the age model
cannot resolve this brief change in accumulation rate. Further dating of samples is required to
address this uncertainty. Notwithstanding, it appears likely that apparent higher dust flux in this
phase is at least partly the result of greater decomposition which the age model cannot fully
resolve (Steinmann and Shotyk, 1997), although greater decomposition and the presence of
thicker roots may also suggest drier conditions prevailed at the time this unit formed (~400 –
475 cal. yrs BP).
The timing of this period of decomposition in the PA-02 core matches that of the Little Ice Age
(LIA), a period of global climate deteriorations between the 15th – 19th Centuries CE that have
been linked to declines in solar activity (Chambers et al., 2014; Mauquoy et al., 2004b). Evidence
from a number of paleoclimate records suggest that during the LIA the Patagonian climate was
both colder and drier (Kilian and Lamy, 2012). Stalagmites from a cave in the western Andes at
53°S record a 30% decrease in precipitation during the LIA compared to the MCA (Schimpf et al.,
2011), and decreases in the water tables of peat bogs in southern Tierra del Fuego have been
recorded between 200 – 500 cal. yrs BP (e.g. Chambers et al., 2014; van Bellen et al., 2016).
Conversely, warmer temperatures, wetter conditions and higher water tables detected in the
same proxy records during the Medeival Climate Anomaly (MCA) may have provided the
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conditions for faster peat growth that saw the bog transition from a minerotrophic to
ombrotrophic state in this period between 800 – 1200 cal. yrs BP (Chambers et al., 2014; Kilian
and Lamy, 2012; Schimpf et al., 2011; van Bellen et al., 2016).
The second period of elevated dust flux, beginning at around 110 cal. yrs BP and lasting until the
present, saw dust flux peak at 7.5 g/m2/yr at 50 cal. yrs BP (1900 CE), and remain at levels
approximately double those during the rest of the time in which the bog was in an ombrotrophic
state. Unlike the LIA increase in dust flux, that may be related to greater decomposition of the
peat, the sustained rise in dust flux over the past ~180 years is matched by increases in
elemental proxies for mineral input; that is elevated Ti and Nb concentrations, and a doubling
in the Ti/coh ratio. Additionally, in the upper part of the core, the most recent period of
increased dust flux is defined by a distinct REE geochemical cluster (Fig. 10). Changes in
conservative stable element ratios such as Ta/Hf and different REE enrichment patterns, as
defined by the cluster analysis, that are contemporaneous with the recent increase in dust flux
may indicate new and/or additional dust source areas are supplying dust to the core site (Marx
et al., 2018; Marx and Kamber, 2010).
Elevated dust flux and altered dust geochemistry at this time may reflect climatic changes
affecting sediment availability and entrainment in regional dust source areas. However, other
peat core records from the region are contradictory regarding changes in moisture availability
during this period. Based on pollen assemblages from a site in Tierra del Fuego, Mauquoy et al.
(2004) found that bog surface wetness increased from the beginning of the 19th Century until
the middle of the 20th Century, while at other sites amoeba assemblages attest to a drier climate
beginning between 1850 – 1900 CE (van Bellen et al., 2016). Consequently, it is unclear whether
changes in moisture availability had an effect on the altered dust dynamics captured in the PA02 core at this time. That is, elevated dust fluxes since 110 cal. yrs BP and changes in dust
provenance, as suggested by different REE geochemistry, do not appear to be readily explained
by climatic factors.

157

Figure 11. Dust flux since 1000 cal. yrs BP (when the bog was transitioning to an ombrotrophic
state), plotted alongside the Wet / Dry Sample Mass Ratio. The period of elevated dust flux
between 400 – 475 BP appears to be related to a region of higher decomposition in the third core
section.
5.3

Anthropogenic Disturbance and Pollution

Southern Patagonia has been peopled for at least the last 12,000 years (Orquera et al., 2011),
with the first evidence for human occupation of Tierra del Fuego dated to approximately 10,500
years BP (Morello et al., 2012). However, whether large-scale anthropogenic disturbance of the
Patagonian environment occurred in the pre-Columbian era, specifically whether an increase in
fire activity was a result of human activity (Heusser, 1995) or due to more arid and windy climatic
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conditions, is complex and the subject of debate (Huber et al., 2004).
There is substantial evidence for human disturbance of the landscape following the arrival of
Europeans in Patagonia. In Tierra del Fuego, and other parts of Patagonia, European settlers
began intensive farming and ranching in the late 19th Century CE, causing extensive
environmental impact through forest clearing and livestock herding (Veblen and Markgraf,
1988). Grazing livestock are likely the main contributor to fugitive dust emissions in Patagonia,
with 6.5 million hectares suffering from soil degradation as a result of overgrazing followed by
wind erosion (Peri and Bloomberg, 2002; Rostagno and Degorgue, 2011). Sheep were first
introduced to Patagonia from the Falkland Islands (Islas Malvinas) and Chile between 1876 to
1881 CE (Aagesen, 2000; Haberzettl et al., 2006) and extensive logging and burning occurred to
clear land for livestock pasture (Huber and Markgraf, 2003). By 1895 CE there were around 2
million head of sheep, multiplying six-fold to about 12 million head in the 13-year period to 1908
CE. At their peak in 1952 CE, there were about 22 million sheep in Patagonia, and the rapid and
unregulated expansion of grazing caused large changes to ecosystems and severe damage to the
environment (Aagesen, 2000). This disturbance is evidenced as spikes in charcoal deposition in
peat bogs (Huber and Markgraf, 2003), and increased sediment accumulation rates in lakes,
resulting in eutrophication (Haberzettl et al., 2006). The trampling of soil crusts (Villamil et al.,
2001) and removal of protective vegetation through heavy grazing has left the Patagonian
landscape vulnerable to wind erosion (Chartier and Rostagno, 2006). This is demonstrated by
the formation of erosional aeolian landforms such as lenguas and desert pavements in the
steppe regions (Aagesen, 2000; Rostagno and Degorgue, 2011; Sterk et al., 2012).
The increase in dust flux captured in the core since 110 cal. yrs BP (1840 CE), peaking in 1900 CE,
matches the timing of the most dramatic anthropogenic disturbance of the southern Patagonian
landscape (Haberzettl et al., 2006), that is the introduction and expansion of intensive logging
and ranching by European colonialists. Therefore it appears likely that human activity, as
opposed to any changes in moisture availability for which there is uncertain evidence (e.g.
Mauquoy et al., 2004; van Bellen et al., 2016), is the major cause of elevated dust deposition at
the core site. The doubling in dust flux recorded at PA-02 as a result of wide-scale human
disturbance of the landscape is consistent with numerous other sedimentary archives around
the world which have recorded similar impacts (Chapter 2; Hooper and Marx, 2018).
Changing trace element ratios within the deposited dust, as well as the differing REE patterns,
captured by cluster analysis and in the REED signatures, occur after 110 cal. yrs BP in the PA-02
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core. This coincides with the increase in dust flux and indicates a change in the source areas
accompanying dust. This change in the source areas supplying dust is likely the result of novel
dust sources switching on, following human disturbance of these areas. These nascent dust
sources were not apparently natural sources of dust prior to disturbance, as indicated by
dissimilarity to the geochemistry of dust deposited before this time.
Alongside increasing dust flux, there is additional evidence for human impact on the regional
environment recorded by the PA-02 core. This is provided by elevated heavy metal
concentrations in the core after 110 cal. yrs BP (Fig. 12). The magnitude of metal contamination
is typically identified by calculating the Enrichment Factor (EF). The EF is defined as the ratio of
metal perturbed or suspected of being perturbed by anthropogenic processes to a conservative
element (in this study Nb was used) that is representative of rock and soil dust input, normalised
to the concentration ratio of these two elements found in the UCC (Hong et al., 2004). For this
study, the UCC values were taken from McLennan (2001).
The first substantial increases in Pb and Sn EF recorded in the core occur at approximately 500
cal. yrs BP (1450 CE), with Pb increasing from a background EF of 1 to a peak of 1.8 while the Sn
EF increased from 0.6 to a high of 1.4. Following this, a prolonged period of increasing EF
occurred from LIA from around 350 – 150 cal. yrs BP (1600 – 1800 CE). During this period Pb had
an EF of 2, while the Sn EF was slightly more than 1, double the background EF od both heavy
metals. The EF of both Pb and Sn then decrease slightly between 200 – 100 cal. yrs BP. Most
recently, after 100 cal. yrs BP (post-1850 CE) both Pb and Sn enrichment factors rise abruptly,
reaching their highest values in the 3200-year period covered by the core just prior to 1950 CE.
The Pb EF peaked at a value of 9, while the Sn reached an EF of 2.5 during this period. The Pb
and Sn EF profiles in the PA-02 core show remarkable agreement with a nearby core record
extracted from the Karukinka bog, located approximately 30 km to the south-west of the PA-02
site. In that study, the investigators link the earlier (~500 cal. yrs BP and 350 – 150 BP) increases
in metal enrichment to mining and smelting by the Incan Civilization and subsequently the
Hispanic colonialists at Potosi in Bolivia (De Vleeschouwer et al., 2014). Despite the large
distance between the location of this early South American metallurgical activity (at Potosi,
Bolivia; 19.6°S, 65.8°W) and the core site, De Vleeschouwer et al. (2014) provide evidence in the
form of Pb isotopic signatures and modelled airmass back-trajectories that imply the extraction
and working of Bolivian and Peruvian ores as the source of this enrichment, that is there is
potential for long air-mass trajectories from the north, which have transported a signal of early
mining to the study site.
160

Figure 12. Pb and Sn Enrichment Factors in the PA-02 core.
The short-lived 19th Century decrease in Pb and Sn enrichment factors is linked to the decrease
in Cu and Ag production as a result of conflict between Chile and Argentina in newly independent
South America, while the subsequent surge in Pb and Sn EF values is linked to the Fuegian gold
rush and coal exploitation at the beginning of the 20th Century (De Vleeschouwer et al., 2014).
The continuation of high enrichment values matches the timing of globally ubiquitous increases
in anthropogenic Pb contamination from ~1850 CE onwards, recorded in numerous sedimentary
archives around the world and is likely related to the local and global surge in leaded petroleum
products during the 20th Century (Marx et al., 2016).
Elevated dust flux and changed geochemical signatures in the PA-02 core record after the mid19th Century CE likely attest to the influence of anthropogenic disturbance on the Patagonian
landscape. The doubling in dust flux, which coincides with the timing of broad-scale
deforestation, sheep ranching, and increased concentrations of heavy metals is in keeping with
the level of impact human activity in the industrial period has been found to have on dust flux
and heavy metal pollution to a geographically diverse range of sedimentary archive sites
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worldwide (Hooper and Marx, 2018; Marx et al., 2016).
5.4

Overview and implications of increased Patagonian dust emissions during the

Holocene
During and immediately following the LGM, glacial outwash plains likely formed the major
sources of dust in Patagonia (Bullard, 2013; Bullard et al., 2016). Consequently, during the lateQuaternary elevated dust deposition in Tierra del Fuego (Vanneste et al., 2015) and Antarctica
(Sugden et al., 2009) has been linked to glacial fluctuations. However, in most locations peat
records do not extend back beyond the mid-Holocene (Marx et al., 2018), and although the
oldest peat records so far retrieved from Tierra del Fuego, with basal ages of 15 – 18 kyr BP (e.g.
McCulloch and Davies, 2001; Vanneste et al., 2015), far exceed this, they date to the timing of
deglaciation when the retreat of ice sheets and warmer temperatures allowed peat growth and
as such only record post-glacial dust flux. Consequently, there are limitations to the duration of
dust records that have been constructed from peat records retrieved from Patagonia. Following
elevated dust fluxes during de-glaciation, both Sapkota et al. (2007) and Vanneste et al. (2015)
report low magnitude of (<1 g/m2/yr), and variability in, dust flux in the mid to late Holocene,
including the post-Columbian era, in contrast to the findings of the current study.
The results of this study suggest human activity has influenced dust emissions from southern
Patagonia in comparison to the levels recorded during the mid-late Holocene. There is also
evidence in the PA-02 core, in the form of altered dust geochemistry since 110 cal. yrs BP, that
human disturbance has resulted in the activation of novel dust sources in the region. This finding
has not been reported in any existing records reconstructed from sedimentary archives from
southern Patagonia. However, with the exception of this study, high-resolution records of dust
flux over the last millennia are largely absent from Patagonia, and those studies that do exist
have poor chronological control for the most recent period covering major anthropogenic
disturbances (e.g. Björck et al., 2012; Sapkota et al., 2007; Vanneste et al., 2015). Despite this,
other investigations of sedimentary archives, including both lake and peat cores, that did not
investigate dust flux, recorded substantive anthropogenic impacts on the landscape of southern
Patagonia during this period (e.g. Haberzettl et al., 2006; Huber and Markgraf, 2003).
Furthermore, the lack of an anthropogenic dust signature in Patagonian peat bog dust records
from previous studies stands in marked contrast to the findings in an ice core from James Ross
Island on the Antarctic Peninsula, which in keeping with the PA-02 record reported a doubling
in dust emissions from Patagonia during the 20th Century (McConnell et al., 2007). This
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discrepancy may be attributable to the inability of the age models in the other Fuegian core
studies to adequately resolve accumulation rates during the last few hundred years, or
alternatively it may be a function of the respective core site locations in which those studies
were undertaken. The PA-02 core receives relatively low dust deposition (~1 – 3 g/m2/yr) by
global standards, given its proximity to dust sources (Lawrence and Neff, 2009). This occurs
despite the fact that Patagonia is recognised as a globally important dust source (Ginoux et al.,
2012; Li et al., 2008). The major Patagonian dust sources tend to be found in the semi-arid areas
to the east of the region (for example see Gassó and Stein, 2007), where the sharp precipitation
gradient results in greater potential for wind erosion. However, the low precipitation also means
there is insufficient moisture for the preservation of high-resolution archives, such as peat
deposits. The prevailing strong westerly winds which deliver abundant moisture to the western
parts of Patagonia, tend to carry wind-eroded sediments away from the location of highresolution archives that have the potential to record millennial-scale dust deposition. This is
supported by the findings of Sapkota et al., (2007), who reconstructed dust flux further to the
south of the PA-02 site from the Oreste bog, situated on Isla Navarino (55.22°S) on the southern
side of the Beagle channel, and found that this location received less than half of the average
dust flux to the PA-02 core. Therefore both the PA-02 core, and other existing peat cores are
likely poorly positioned to capture the true magnitude of dust emissions from Patagonia.
Consequently, the PA-02 core site probably records relatively local environmental changes as
opposed to broad regional ones directly. Nevertheless it still offers insight in to the effect of
large-scale synchronous changes in the region on dust emissions, supporting the findings of a
doubling of Patagonian dust flux to the Antarctic Peninsula in the 20th Century (McConnell et al.,
2007). For example, if the factor of two increase in dust flux found in the PA-02 core is
representative of the scale of change in Patagonian dust emissions since European settlement
began, if not the absolute quantity, then this would have important consequences for HighNutrient Low-Chlorophyll regions of the Southern Ocean that are situated downwind of
Patagonia (Johnson et al., 2011).
This increase in dust flux is in line with the scale of increases in dust emissions globally as a result
of anthropogenic disturbance (Hooper and Marx, 2018; Chapter 2). Furthermore, based on the
correlation between dust and PP recorded in an ice core from South Georgia island (Hooper et
al., 2019; Chapter 5), downwind of Patagonian dust sources, the increase in Patagonian dust
measured in the PA-02 core may have had an effect on the efficiency of the Southern Ocean
biological C pump during the Anthropocene. That is, given the increased dust flux over the last
~180 years, it is hypothesised that this would result in increased ocean primary productivity,
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with further implications for associated atmospheric CO2 drawdown.
6.

Conclusion

This study has produced a dust record that complements the sparse paleo-dust records currently
available for southern Patagonia. Patagonia is subject to a steep precipitation gradient
(Garreaud et al., 2013), and the location of the PA-02 core site, on the boundary of higher
precipitation to the West and South, results in a positive annual water balance resulting in the
formation of peat. At the same time the study location is also directly adjacent to more arid
regions to the North and East which under current climate conditions act as dust sources.
Consequently, the study site is more appropriate for constructing a paleo-dust flux record than
the location of existing studies. Nonetheless, the PA-02 core site is not sited directly downwind
of the probable dust sources under the prevailing westerlies, and therefore also has limitations
in this regard. As such, this record is likely more representative of the timing and scale of regional
change, as opposed to the absolute flux of dust emitted from Patagonia, which has been
measured by air sampling instruments to be much higher in many sites (e.g. Gaiero et al., 2003;
Lawrence and Neff, 2009) than in the PA-02 core.
Changes to the internal geochemistry of the peat implies a transition from more minerotrophic
to ombrotrophic conditions between 800 – 1200 cal. yrs BP. The timing of this change is
coincident with the MCA, suggesting wetter and warmer conditions allowed for faster peat
accumulation, raising the surface of the bog and changing its trophic status. A section of more
decomposed peat corresponds to the timing of the LIA, supporting existing studies that record
a drier climate in southern Patagonia during this period (Kilian and Lamy, 2012). Elevated mineral
flux during this section is likely a function of organic peat decomposition resulting in more
concentrated mineral content, in combination with potentially greater dust flux as a result of a
more arid regional landscape.
Following the arrival of European settlers in southern Patagonia and Tierra del Fuego in the mid19th Century, dust flux in the core approximately doubles, with peak flux up to 7 times higher
than found during the previous 3500 years. Widespread deforestation and the introduction of
intensive sheep ranching occurred during the late-19th and early-20th Centuries with the creation
of large estancias (Aagesen, 2000; Veblen and Markgraf, 1988). It is likely that the surge in dust
deposition is as a result of anthropogenic disturbance of the landscape, removing vegetation
and trampling soil crusts, creating an environment more prone to wind erosion. The semi-arid
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climate and strong westerly winds that characterise the area provide the optimal conditions for
dust entrainment following disturbance. Changing REE geochemistry and trace-element ratios
in the core following 110 cal. yrs BP attest to new and/or additional dust source areas in this
period; interpreted to be a consequence of increased dust flux from human disturbed areas that
were not otherwise significant natural dust sources during late-Holocene climate conditions
prior to European settlement. The doubling of dust flux to the PA-02 core since the 19th Century,
matches the magnitude increase in Patagonian-sourced dust concentrations measured in an ice
core from the Antarctic Peninsula (McConnell et al., 2007) and an array of sedimentary archives
from around the globe that record commensurate increases in dust flux as a result of
anthropogenic disturbance and land use change. This implies that dust exports from Patagonia,
a globally important dust source (Ginoux et al., 2012), to the HNLC Southern Ocean have
increased substantially over the previous ~150 years compared to other periods during the midlate Holocene, with potential effects on oceanic primary productivity and the biological C pump.
Existing records of Patagonian dust emissions (including this study) are complicated by their
location in relation to major Patagonian dust sources and the prevailing westerly winds.
Consequently, further research is necessary to locate and extract high resolution sedimentary
archives more directly downwind of dust sources, that is, located in a more favourable position
to capture dust emitted from these sources. In order to avoid issues of sedimentary archive
preservation due to low moisture availability in eastern Patagonia, potentially promising sites
include both the Falkland Islands (Islas Malvinas) or South Georgia island. However, both of
these locations are affected by complex factors including widespread disturbance of peat bog
surfaces through fire and grazing in the former (Barrow, 1978), while episodic anomalously
warm temperatures due to climate change may be resulting in melt and subsequent mobility of
soluble elements in South Georgia’s lower more accessible glaciers (Hooper et al., 2019; Chapter
5). Consequently, core sites must be selected carefully with prior knowledge of potential natural
or anthropogenic disturbances, where possible. Finally, given the evidence for a doubling in dust
emissions from Patagonia since the 19th Century, future research should also focus on
understanding the affect that an elevated Patagonian dust flux may have had on recipient
ecosystems and the climate.
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Chapter 5
Examining links between dust deposition and phytoplankton response
using ice cores
1.

Introduction

Iron deficiency is a limiting factor for primary productivity (PP) in about one-third of the global
ocean (Jickells et al., 2005). In particular, localized artificial Fe fertilization experiments (Boyd et
al., 2007) and studies of marine upwelling events (Pollard et al., 2009) have demonstrated Fe
deficiency as the primary factor limiting PP in high nutrient, low chlorophyll (HNLC) ocean
regions (predominantly high latitude subpolar ocean waters). There remains uncertainty,
however, as to the main vectors of Fe supply (as well as other biologically essential trace
elements) to the HNLC ocean (Maher et al., 2010), which can include lateral advection of
sediments (Chever et al., 2010; Morris and Charette, 2013), aeolian dust, river input, and ocean
upwelling and overturning (Serno et al., 2014). As well as being significant for oceanic
ecosystems, the relationship between Fe fertilization and oceanic PP is widely considered to
influence the carbon cycle by affecting the efficiency of the biological C pump (Blain et al., 2007),
although the scale of this effect is understood to vary based on the mode, magnitude and
duration of Fe supply (Chever et al., 2010; Le Moigne et al., 2014). In addition to influencing
atmospheric CO2 drawdown, phytoplankton may also influence climate through the emission of
biogenic sulfur compounds, such as Dimethyl-sulfide (DMS). DMS and its associated oxidation
products increase the atmospheric aerosol load, which increases atmospheric albedo directly
and also through acting as cloud condensation nuclei (the CLAW hypothesis; Charlson et al.,
(1987)). DMS therefore represents a key component of the hypothesized negative feedback
between increased oceanic PP and atmospheric temperature (Charlson et al., 1987; Martin,
1990). However, sources of Fe, the relationship between fertilization and CO2 drawdown, and
the bio-availability of Fe, are all likely to be geographically heterogeneous (Boyd et al., 2010).
Some recent studies have suggested upwelling, and lateral advection of sediments from
continental shelves, sub-ocean plateaus and island margins (e.g. Chever et al., 2010; Meskhidze
et al., 2007; Pollard et al., 2009) as the primary source of Fe controlling biological activity, placing
doubt on the importance of dust-Fe in this regard. Other research has suggested that aeolian Fe
supply is dominant in parts of the HNLC ocean directly downwind of dry continental areas
(Cassar et al., 2007). Therefore understanding the impact of dust derived Fe (as well as other
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sources of Fe) and the oceanic PP response remains an important goal.
Atmospheric dust deposition is a known source of nutrients to both oceanic and terrestrial
environments (Bristow et al., 2010; Jaccard et al., 2013). The mechanism through which aeolian
Fe input is expected to influence ocean PP, particularly in HNLC ocean waters (Jickells et al.,
2005), was described in the Fe hypothesis (Martin, 1990). In short, by increasing PP and its
associated drawdown and potential storage of CO2, dust-Fe fertilisation influences the efficiency
of the biological C pump (Falkowski et al., 2000), and is therefore considered to play an
important role in the global carbon cycle, which ultimately affects climate (Bristow et al., 2010;
Jaccard et al., 2013). Over the glacial/interglacial oscillations of the Quaternary, variability in
oceanic dust deposition is considered to have a major influence on atmospheric CO2. For
example, it has been proposed that enhanced dust-Fe fertilization (as measured in ice and
oceanic sediment cores) accounts for up to 50 % of the glacial/interglacial change in atmospheric
CO2 concentrations (Hain et al., 2010; Maher et al., 2010), although a much more conservative
estimate of 15 ± 10 ppm (~10 %) has been suggested by modelling studies (Kohfeld and Ridgwell,
2009). Despite this, the link between dust fertilization and comparative effects on atmospheric
CO2 remains unquantified over shorter timescales.
Dust deposition is estimated to supply 110-320 Kt/yr of soluble Fe to the ocean, approximately
30 % of which is deposited in HNLC regions, implying dust deposition is an important control on
PP in the HNLC ocean (Ito and Shi, 2016; Jickells et al., 2005; Johnson et al., 2010). Evidence for
the relationship between dust and PP has been inferred by comparing satellite imagery of
continental dust plumes and subsequent levels of oceanic chlorophyll (Chl) along dust transport
pathways (Johnson et al., 2011), by investigating the correlation between modeled aeolian
deposition and measured net community production throughout the Southern Ocean (Cassar et
al., 2007), and by collating frequency of observed dust events upwind with lithogenic mineral
and organic carbon flux deposited in ocean sediment traps (Pabortsava et al., 2017; Yuan and
Zhang, 2006). However, these studies do not directly measure dust flux, and associated iron
input, to the ocean surface. Consequently, there remains uncertainty about the extent of the
role of dust in delivering Fe that drives PP in HNLC regions as well as the role of dust vs other
nutrient sources, for example, ocean mixing. Overall therefore, the magnitude of the effect of
dust on PP remains poorly constrained (Albani et al., 2016).
Empirically quantifying the link between dust input and PP has proven difficult over event (days)
to sub-millennial time scales, both in terms of identifying and tracking dust plumes and
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measuring phytoplankton response. Dust plumes can be spatially and temporally variable, and
even large dust plumes can disperse over great spatial areas making their quantification difficult
(Marx et al., 2018; McTainsh, 1989). Satellite imagery holds significant potential for measuring
dust emissions and oceanic PP, however, while remote sensing has undoubtedly made a major
contribution to mapping dust plumes and their effects, the ability to track low concentration
dust plumes remains limited (see Marx et al., 2018), i.e. dispersed dust plumes are likely to still
be of biogeochemical significance. In addition, and of particular significance for understanding
dust and PP links, the use of satellite imagery in the HNLC ocean is significantly limited due to
the regular presence of cloud cover in these regions (Bullard et al., 2016; Gassó et al., 2010). As
a result, alternative approaches are required to assess the impact of dust on PP.

Figure 1. Conceptual diagram illustrating the link between dust deposition, primary
productivity (PP) and CO2, and the mechanisms by which temporal variability in this
relationship is recorded in ice. The South Atlantic Sector of the Southern Ocean is shown in the
diagram by way of example. 1) Dust is emitted from a continental source area and transported
in the atmosphere. 2) Dust-Fe is deposited in the HNLC ocean resulting in fertilisation and
phytoplankton response. 3) Dimethyl-Sulfide (DMS) is emitted from the phytoplankton bloom
and oxidised to become MSA. 4) Methanesulfonic acid (MSA) is transported via the same
pathways as Dust-Fe and both are deposited through precipitation on a downwind glacier or
ice-cap.
Ice cores offer great potential for tracking the relationship between dust and PP. When located
downwind of dust sources and HNLC waters, ice cores can record both dust deposition and
oceanic PP, via the deposition of Methanesulfonic acid (MSA; Fig. 1), an oxidation product of
DMS. DMS is the only atmospheric source of MSA (Legrand et al., 1991; Saltzman et al., 2006),
and is emitted to the atmosphere by certain classes of phytoplankton. MSA deposited in
Antarctic ice cores has been used to provide an impression of oceanic PP over the glacialinterglacial cycles of the Quaternary, with MSA concentrations typically recording maxima
during glacials, although the relationship can be complex (Albani et al., 2016; Johnson et al.,
2011; Knudson and Ravelo, 2015). As well as examining MSA over multi-millennial time-scales,
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ice cores also have potential to examine the links between dust emissions and oceanic PP over
much shorter time scales, and in doing so, may provide important knowledge of the short-term
response of phytoplankton to dust fertilization.
In this chapter the potential relationship between dust derived Fe input and PP in HNLC regions
is explored. This is achieved using sub-annual and annual resolution records of Fe and MSA in
ice cores downwind of the world’s two major HNLC areas, the sub-Arctic North Pacific Ocean
(NPO) and South Atlantic sector of the Southern Ocean (SAO) (Johnson et al., 2011; Li et al.,
2008). As well as allowing investigation of the dust – PP relationship in these two regions, the
two presented cores, from Mount Logan in the Yukon, Canada, and South Georgia Island, allow
examination of the effect of dust on oceanic PP over different time scales. Specifically, the South
Georgia Core (SGC) allows investigation of event (days) to seasonal scale dust-PP relationships
and the Mount Logan Core (MLC) allows investigation of this relationship over annual to
centennial time scales. It is expected that these ice cores have the potential to record the
response in PP to aeolian-Fe within the HNLC ocean waters between each of the core sites and
their respective dust sources (Fig. 2 & 3).
2.

Methods

The two regions investigated in this study, the NPO and SAO, are both settings where dust
fertilisation may play a significant role in oceanic PP. In addition there are a number of key
similarities between the two regions making them appropriate for comparison. Both regions are
HNLC ocean areas (Boyd et al., 2007; Maher et al., 2010), downwind of globally significant dust
sources, namely South America and East Asia (Ginoux et al., 2012). Both are dominated by large
low pressure climatological features; the Aleutian Low is centered over the NPO region
(Osterberg et al., 2014), while the high-latitude SAO is influenced by the Antarctic Circumpolar
trough (Owens and Zawar-Reza, 2015). Furthermore, existing studies have recorded MSA
emissions in both regions, demonstrating their suitability for this study. An ice core from Denali
National Park in Alaska records MSA deposition that the authors link to PP episodes in the
subarctic NE Pacific (Polashenski et al., 2018), while ship-based measurements from the SAO,
including upwind of South Georgia, have confirmed MSA as an excellent trace of marine biogenic
Sulphur emissions in this region (Zorn et al., 2008).
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2.1

Core locations and likely contributing sources of dust and associated MSA

Figure 2. Location of the South Georgia Core (SGC) site (black star) in relation to the major
regional dust source area in Patagonia, South America. Dust emissions from Patagonia are
transported over the HNLC South Atlantic Ocean by the prevailing westerly winds.
On South Georgia Island, in the South Atlantic, a single 15.39 m firn core was drilled at the head
of the Briggs Glacier (54°191 S, 37°086 W; 950 m asl) during October 2015 by a team led by the
Climate Change Institute at the University of Maine. The core was extracted from an open
plateau, which is among the highest altitude areas of the island that can be accessed by ski. The
plateau experiences high precipitation, i.e. approximately 2-4 m of snow accumulation per year,
and is exposed to prevailing westerly winds. This implies the site has good potential for recording
both dust derived from extensive source areas across Patagonia (Prospero et al., 2002) and MSA
derived via phytoplankton production in the HNLC region of the South Atlantic Ocean (Fig. 2)
(Johnson et al., 2011; Li et al., 2008) (also see Fig. 4). The relatively high altitude of the coring
site (950 m asl), results in temperatures that are expected to provide amongst the best
opportunity to preserve down-core ice integrity in the otherwise relatively mild marine climate
of South Georgia (annual temperature range +15 to -20°C at King Edward Point Research Station;
5 m asl).
At Mt Logan, in the Yukon, Canada, a 186 m deep ice core was drilled on the summit plateau
(60°350 N, 140°300 W; 5300 m asl) during the 2001-2 summer field seasons. Further details of
this core are provided by Osterberg et al., (2008). This location has the potential to record dust
from East Asian source areas and associated MSA derived from phytoplankton production in the
HNLC region of the North Pacific Ocean (Uematsu, 2003; Yuan and Zhang, 2006; Fig. 3). There is
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also potential for dust derived from Alaskan fluvial/glacial outwash plains (e.g. Copper River) to
contribute to oceanic PP in the Gulf of Alaska (Crusius et al., 2011). Dust from this source is,
however, unlikely to be recorded in the Mt Logan core, as satellite derived (CALYPSO) LIDAR
suggests Alaskan dust plumes remain below 1000 m asl (Crusius et al., 2011). This is considered
too low to reach the Mt Logan summit plateau, with geochemical fingerprinting implying only
East Asian dust reaches high altitudes, while more local (Alaskan sourced dust) is restricted to
altitudes below 3000 m (Zdanowicz et al., 2006). Consequently, dust and associated MSA
recorded in the Mount Logan ice core are expected to overwhelmingly reflect East Asian dust,
with MSA sourced from the central and western North Pacific HNLC ocean waters.

Figure 3. Location of the Mount Logan Core (MLC) Site (black star) and the major dust transport
trajectory supplying the core site from East Asian dust sources. The HNLC area of North Pacific
Ocean stretches from East Asia to North America upwind of the MLC.
In addition to dust, other sources of Fe have the potential to fertilize phytoplankton production
in the HNLC regions of both the North Pacific and the South Atlantic. This includes suspended
river sediment, which is likely to contribute to PP in coastal waters, rather than HNLC regions.
However, DMS released to the atmosphere from coastal regions of East Asia and Patagonia may
contribute to MSA concentrations in the studied cores. In addition, volcanic Fe input may
influence MSA concentrations in the longer Mt Logan record. The most significant alternative Fe
supply to dust flux comes from ocean mixing, advection of sediments, and upwelling (Pollard et
al., 2009). Interestingly, a component of Fe derived from ocean mixing and upwelling may
originate from dust input (Sañudo-Wilhelmy and Flegal, 2003), although that hypothesis remains
to be fully explored.
2.2

Core Collection and Sample Analysis

The South Georgia core (SGC) was retrieved using an electromechanical Stampfli ice coring drill
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powered by a 12V battery, in 29 sections ranging from 11-81 cm in length. Each section was
weighed and then split into ~10 cm sub-sections, bounded by ice lenses where possible. The
outer layers of each sub-section were shaved using a ceramic knife, while maintaining ultraclean
procedures to reduce contamination potential. The cylindrical inner part of each of the 162 core
sub-sections was then placed into an acid-washed vial for transport back to the laboratory.
The Mount Logan core (MLC) was collected by the Geological Survey of Canada. It was sampled
at a resolution of 1 – 5 cm in ultra-clean conditions using an ice core melting system (see
Osterberg et al., 2008). While the 186 m Mt Logan core record extended back to ~18,400 yrs BP,
only the most recent 1000 years of the core, equating to a depth of ~150 m has an annual
resolution. Beyond this age/depth, data have a lower and irregular age resolution. Therefore,
only the most recent (1000 – 1998 CE) portion of the record is considered in this study.
Both cores were analysed at the Climate Change Institute at the University of Maine. Major ions
(Na+, K+, Mg+, Ca2+, Cl-, NO3-, and SO42-) in each sample and Mt. Logan MS- were analysed on
Dionex DX-500 ion chromatographs with suppressed conductivity detection. Cations from both
sites were measured using a CS-12A column and MSA eluent. South Georgia major anions were
measured using an AS-11 column and NaOH eluent; the MS- was measured separately on a
Dionex ICS-2000 ion chromatograph using an AS-11 column and KOH eluent. Mt. Logan anions
(including MS-) were measured using an AS-11 column and KOH eluent prepared from a Dionex
EG-50 eluent generator programed with one gradient change. Inductively coupled plasma mass
spectrometry (ICP-MS) was used to measure trace elements (e.g. Pb, Al, Fe, Sr, Cs, U, REEs) in
both cores.
2.3

Satellite Imagery and Climate Data

The results from chemical analysis of the high resolution, but temporarily short SGC (see section
3.1) were compared with remote sensing products, air-parcel trajectory analysis and climate
data. By comparison, the MLC, which was much longer (1000 – 1998 CE) but of lower resolution,
was not suitable for similar comparisons.
Satellite-derived chlorophyll concentrations and photosynthetically available radiation (PAR)
data were obtained from the NASA MODIS-Aqua satellite, (OCx algorithm, reprocessing v2014
was used for chlorophyll data). Data at 8-day, 9 km resolution were downloaded from
http://oceancolor.gsfc.nasa.gov. Data were spatially averaged in the region upwind of South
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Georgia identified by back trajectory analysis as being the most likely source region of MSA
deposited in the SGC (that is from 51-56 °S, 38-48 °W).

Figure 4. HYSPLIT air mass back-trajectory frequency plots from the South Georgia Core site (54°
S, 37° W; at 500 m above ground level) showing (a) January and (b) July in 2014 and (c) January
and (d) July in 2015. The frequency with which air mass back-trajectories were calculated to pass
through any given point are denoted by colours presented in the colour key (top right). For
example, purple colouring represents an area through which between 1 – 10 % of all calculated
air mass back-trajectories have passed.
Temperature data for King Edward Point (KEP) was retrieved from the British Antarctic Survey
and Natural Environment Research Council’s data portal website: http://basmet.nercbas.ac.uk/. KEP (54°283 S, 36°500 W) is a scientific research station located on the central
eastern side of South Georgia at the entrance to a small cove within the larger Cumberland Bay.
It is protected from the strong westerly winds by the surrounding steep mountains. Data were
selected at both hourly and daily mean intervals from 1st January 2012, when the most recent
dataset recordings started, until 31st December 2015. This period was assumed to overlap with
the studied core. As there were no instrumental precipitation data available for the South
Georgia coring site, precipitation data were derived from gridded gauge analysis data, retrieved
from the Global Precipitation Climatology Centre (GPCC) 1-degree resolution Version 1 data, for
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the period 1st January 2012 until 31st December 2015. These data were used to provide an
impression of the precipitation variability at the study site.
The NOAA HYSPLIT trajectory model was used to compute archived back trajectory frequencies
from the South Georgia Core site (54°191 S, 37°086 W). GDAS 1 degree meteorology was
selected to generate daily back trajectories for each month up to 3 years prior to core extraction
(total = 36 months). Back-trajectories were run for 60 hours, starting at 6-hour intervals (Fig. 4).
As well as back trajectories, forward trajectories were calculated for an observed dust event on
16th August 2015. Forward trajectories were started at hourly intervals for 6 hours and run for a
36-hour period from the site of the observed dust event (Fig. 11b).
2.4

Statistical Analysis

Statistical analyses were used to assess the degree of match between different data sets and to
test for significant temporal change within data. The strength of correlation between different
data sets, e.g. dust flux and PP (as indicated by MSA concentrations) were calculated using
Pearson’s r. A spline cross-correlogram was used to investigate the correlation and temporal
relationship between MSA in the SGC and remotely sensed ocean Chl concentrations upwind of
South Georgia. This was then used to assess the validity of the age model established for the
SGC. Regime shift detection was used to investigate temporal shifts in dust delivery and MSA
response in the Mount Logan record. This analysis was not applied to the SGC datasets as that
record is too short for such changes to be considered meaningful. Regime shifts were tested
using the Sequential Regime Shift Detection analysis (software Ver. 6.2) add in for Excel
(Rodionov, 2004). Before applying regime shift detection, the MSA and Fe concentration data
were normalised using the natural logarithm after adding one to each value. The residual
distributions of fitted models were inspected to check for influential cases. The regime shift
detection analysis was performed at a significance level of 0.01, using a Huber’s weight
parameter of 2. The selected Huber’s weight parameter means that all values less than two
standard deviations are weighted equally, which allows capture of ~95 % of data. Cut-off
lengths, i.e. the minimum detection length of any statistically significant shift, of 150 and 25
years were selected. The cut-off length of 150 years was selected to investigate long-term
variability as recorded in the core, for example as may be associated with the Medieval Warm
Period or Little Ice Age, in addition there are likely to be changes in dust flux since the industrial
revolution as previously identified (Hooper and Marx, 2018; Osterberg et al., 2008), which may
affect PP. A cut-off length of 25 was used to identify any shorter term changes, e.g. as may be
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associated with changes in the Pacific Decadal Oscillation/North Pacific Decadal Oscillation. All
analyses were conducted both with and without OLS red noise estimation, although OLS red
noise estimation was not found to alter the outputs.
3.

Results

3.1

Dust Deposition

The location of both ice cores (firn environments high in the landscape) means atmospheric
deposition is the only possible source of mineral material to the ice. The concentration(s) of
particular trace elements/REEs through the cores that are i) relatively homogenous within upper
continental crust, i.e. within terrestrial sediments and ii) behave conservatively during
entrainment, transport and deposition/post deposition, can be assumed to represent variability
in dust deposition (McConnell et al., 2007; Osterberg et al., 2008, Marx et al., 2018). Selected
elements that fulfill these criteria, i.e. La and Ti, indicate that both cores record near continuous
dust deposition (Fig. 5). Although the high degree of similarity in La and Ti patterns within each
core implies that variability in dust flux is the main factor influencing these elements in the ice,
there is minor variability between them. These minor differences indicate there is some
variability in the specific source area(s) supplying dust to each core through time, that is
Patagonia and East Asia have different dust source areas, which are i) distinctive geochemically
(Gili et al., 2017; Muhs, 2018) and ii) may emit dust plumes at different times. It is noteworthy
that these minor differences in trace element/REE chemistry have been exploited to provenance
dust in a number of studies (e.g., Gili et al., 2017; Marx et al., 2009, 2005; Revel-Rolland et al.,
2006).
In the SGC there is a regular pattern of dust deposition, with pulses of increased deposition
occurring at approximately 1.5 m intervals through the core (Fig. 5b), most likely representing
seasonal variability in dust flux. The resolution of the Mount Logan record precludes seasonal
variability. Instead the major observation is an apparent increase in both Ti and La (and therefore
dust) after about 1800 CE (Fig. 5a). The MLC also contains a 17-year period between 1565 – 1581
CE where no elemental data were recorded. This section of the core was excluded from further
analysis.
The geographical proximity of Patagonia, a known dust source, to South Georgia, indicates dust
in the SGC is almost exclusively derived from this source, as also evidenced by the results of
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airmass back trajectories computed from the coring site (Fig. 4). Although air-masses originating
from the ocean (the South Atlantic, north of South Georgia and the Southern Ocean) and the
Antarctic Peninsula may also influence the coring site (Fig.4), these are unlikely to transport dust.
Figure 4 also implies there is some seasonal variability in airmass trajectories influencing the
study site, with air from further north in Patagonia more frequently influencing South Georgia
during the austral winter, while air from the southeast is more likely to influence South Georgia
during the austral summer (likely associated with seasonal northward migration of the polar
easterlies). The greater frequency of wintertime airmasses from central and northern Patagonia
would be expected to result in a higher dust flux to South Georgia, all else being equal, as dust
plumes are more frequently emitted from northern Patagonia (Ginoux et al., 2012). Regardless,
dust from Patagonia has high potential to deposit nutrients in the South Atlantic and Southern
Ocean upwind of South Georgia.

Figure 5. Concentrations of Titanium (Ti) (black line) and REE Lanthanum (La) (red line) in (a) the
Mount Logan Core, and (b) the South Georgia Core. Note the bold lines in panel (a) denote a 5year moving average, while the pale lines are annual average data.
Mount Logan experiences more complex airmass trajectories (plot not shown) by comparison to
South Georgia as a result of its more complex topographic position (it is further from the coast
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and within an extensive alpine region). Despite this, geochemical fingerprinting (using major and
trace elements REEs and Pb isotopes) of dust deposited at Mount Logan indicates East Asia is
the major source of dust to the summit plateau (Osterberg et al., 2008; Zdanowicz et al., 2006).
Similarly to South Georgia, this dust has high potential to fertilize the North Pacific upwind of
Mount Logan.
As previously discussed, biologically important trace elements, the most critical of which is Fe,
are transported as a component of dust. Iron concentrations in both cores show generally similar
patterns to La and Ti in both cores, although depart from the generalised pattern of La and Ti in
some instances (see Fig. 5, by comparison to Figs. 6 and 7). These differences are attributed to
variability in Fe concentrations between dust source areas (which is greater than that of the
more conservative La and Ti). Consequently, in the SGC, Fe deposition is marked by clusters of
peaks within a background of semi-continuous low-level Fe deposition, although still broadly
conforming to the seasonal structure displayed by La and Ti (Fig. 5b).

Figure 6. Concentrations of (a) MSA (green) and (b) Fe (brown) in the South Georgia Core. Note,
MSA is not detected in the core below a depth of 6.48 m.
In the SGC Fe was present throughout the full 15.39 m of the core (Fig 6), however, as MSA was
only present to a depth of 6.48 m (see Section 3.2), Fe data are only discussed within this upper
portion of the core. Iron concentrations in the upper 6.48 m of the core averaged 15.5 μg/L,
however, a number of distinctive spikes were apparent. The most noticeable spike occurred at
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1.14 m, where Fe concentrations reached 148 μg/L (Fig. 6). Other significant spikes occurred at
2, 2.5-3, 5.7 and 6.2-6.48 m. These spikes represent significant dust deposition events recorded
within the ice.
In the MLC, Fe concentrations averaged 3.78 μg/L, with a relatively consistent magnitude and
variance throughout most of the past 1000 years, however, there are notable periods of
increased Fe deposition, including a major peak between 1433 – 1437 CE, when average Fe
concentrations are approximately double those recorded anywhere else in the core. More
significantly, a sustained period of higher Fe concentrations occurs within the 20th Century,
matching increased La and Ti concentrations. Regime shift detection analysis (Rodionov, 2004)
was used to assess whether this change was significant and confirmed that a statically significant
increase in Fe deposition occurred at either 1874 CE or 1908 CE, using 150-year and 25-year cut
off lengths, respectively (Fig. 8a), by comparison to the previous 900 years of the MLC. Similarly,
a previous study identified an increase in anthropogenic Pb and Al (a proxy for dust) in the MLC
from the 18th Century onwards (Osterberg et al., 2008), implying the increase in Fe, Ti and La is
also a result of anthropogenic dust (see Hooper and Marx, 2018) .

Figure 7. MSA and Fe concentrations in the Mount Logan Core. (a) Annual MSA concentrations
(light green), and 5-year moving average (dark green). (b) Annual Fe concentrations (light
brown), 5-year moving average (dark brown). The black dashed line in panel (b) delineates
different regimes in the mean concentration of Fe within the core as determined using Regime
Shift Detection (Rodionov, 2004) using a 150 year cut-off length. Note a regime shift occurs at
1874 CE.
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3.2

MSA Concentrations

Both the SGC and MLC contained a record of MSA deposition. In the SGC average MSA
concentrations were 14.72 μg/L, with peak concentrations of up to 123 μg/L occurring at 1.14
m depth (Fig. 6). Although MSA was present in the top of the core, it was not detected after 6.48
m depth (Fig. 6). Similarly, other soluble elements (e.g. Ca, Na and K; data not shown) were also
not present beyond 6.48 m depth. The mostly likely reason for the disappearance of MSA
beyond 6.48 m is that the core experienced a period of melt which resulted in the wash out of
MSA (and other soluble elements) from this lower section of the core (also see Section 3.3.1).
MSA concentrations in the upper 6.48 m of the SGC show two distinct regions of higher
concentration between 1 and 4.5 m depth, and between 5.5 and 6.48 m depth (Fig. 6). This
pattern is similar to that displayed by both Fe, and to a greater extent, La and Ti, and again likely
reflects seasonal variability in MSA deposition.

Figure 8. Regime Shift detection analysis of Fe and MSA concentrations within the Mount Logan
core. (a) Mean log-normalised Fe values, analysed using a 25-year (light-brown dashed line) and
a 150-year length cut off (dark-brown solid line). (b) Mean log-normalised MSA values, analysed
using a 25-year (light-green dashed line) and 150-year cut off lengths (dark-green solid line).
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In the MLC, MSA was detectable semi-continuously through the core. The highest recorded
concentrations were 17 μg/L, while mean concentrations were 1.2 μg/L. It is noteworthy that
these are an order of magnitude lower than that recorded in the SGC (Fig. 7), likely reflecting
the longer and more complex transport pathway of MSA to Mount Logan. Within the MLC
record, there are a number of periods where MSA was not detectable (Fig. 7). These could either
represent periods when MSA concentrations are below detection limits, or they could reflect
post deposition loss, such as washout of MSA by water movement through the core. However,
in all but one case, soluble elements such as Ca, that would also be expected to be affected by
water movement in the core, do not exhibit any apparent washout implying MSA concentrations
are below detection limits in the majority of cases. The one exception occurs between 1565 –
1581 CE, when Fe, Ca, MSA and even dust (as indicated by La and Ti) are not recorded in the
core, suggesting a major perturbation (such as melting) event occurred in that section of the
core.
Similar to Fe concentration data, MSA in the MLC appears to show little obvious change in
magnitude or variance over the thousand-year record. Again similar to Fe, MSA also displays
prominent maxima between 1433 – 1437 CE (Fig. 7a). In contrast to Fe, however, regime shift
detection analysis performed on the MSA data showed numerous regime shifts in MSA
concentrations at both 25-year (n=18) and 150-year (n=6) cut off lengths (Fig. 8b). A sustained
peak in MSA concentrations appears to have occurred between 1404 CE and 1619 CE, while
more recently mean MSA concentrations showed an increase from 1812 CE until the top of the
core by comparison to the period between 1625 and 1750 CE.
3.3

Core Chronology

3.3.1

South Georgia Core Chronology

It was not possible to date the SGC using conventional isotopic techniques due to the high firn
accumulation rate (~3 m/yr) combined with the shallow depth (15.39 m) of the core. Instead a
chronology was developed for the core based on; 1) matching patterns in core MSA with
remotely sensed ocean chlorophyll (Chl) concentrations; 2) application of a spline crosscorrelogram to statistically test this relationship; 3) constraining the date of the MSA burnout
(below 6.48 m depth) using air temperature data; and 4) comparing estimated annual
precipitation with the snow water equivalent (w.e.) in the core. These approaches are discussed
in brief here, with a more detailed discussion in the Supplementary material.
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As previously discussed, MSA data in the SGC shows an apparent seasonal signal. Satellite
derived ocean Chl data from upwind of South Georgia also have a pronounced seasonal pattern
(Fig. 9c). Therefore matching the MSA pattern from the SGC with the seasonal cycle in Chl
provides an approximation of the chronology for the upper 6.48 m of the ice core. Aligning the
date the core was extracted (17th October 2015) with the remotely sensed Chl data, implies the
lower end of enhanced MSA period dates from the austral summer/autumn 2014. Consequently,
the core is expected to represent approximately a 20 – 25 month period, that is, 6.48 m depth
in the SGC equates to a date between November 2013 and April 2014.
The validity of using MSA and Chl data to establish a chronology for the core was further
examined by using a red-noise tested spline cross-correlogram to test the relationship between
the MSA concentrations in the SGC and oceanic Chl (Bjørnstad and Falck 2001). The result of this
analysis demonstrates a significant correlation occurs between MSA and Chl (Fig. 10), with the
highest correlation (0.33, p<0.001) occurring with a lag of +16 days (a similar correlation occurs
with no lag however; 0.32, p<0.001). Results also show the strong seasonal control on the
relationship, with significant negative correlations at 180-200 days. The significance of the
correlation was evaluated further using a red noise null hypothesis test to calculate 95%
confidence intervals for the spline cross-correlogram (see Supplementary material), confirming
the significance of the correlation between the SGC MSA concentrations and oceanic Chl, and
supporting the use of these data to construct a chronology for the core based on their temporal
relationship.
A potentially more precise age estimate of the base of the SGC can be provided by matching the
depth at which MSA disappears to the climate conditions likely to be responsible for the loss of
MSA at 6.48 m depth. While a variety of factors can lead to MSA mobility in ice cores (Osman et
al., 2017), the movement of liquid water is the most likely cause of MSA loss in this case (Moore
et al., 2005; Supplementary material). The presence of liquid water in the snow pack is most
likely during snow pack melt during warm temperatures. Temperature records from South
Georgia show the warmest conditions between January 2012 and December 2015 occurred on
the 17th and 19th February 2014 at 13.6 °C and 14.2 °C, respectively (Fig. 9e), with temperatures
above 10 °C throughout this period. These conditions are likely to have resulted in snow pack
melt and subsequent washout of MSA. Importantly these dates are within the date range
estimated for the core at 6.48 m depth (i.e., November 2013 to April 2014) based on the
Chl/MSA association.
190

Figure 9. (a) Fe concentrations and (b) MSA concentrations in the South Georgia Core. Zero depth
equates to 17th October 2015, the date the core was collected. (c) Average remotely-sensed
chlorophyll (Chl) concentrations and (d) Average remotely-sensed Photosynthetically Available
Radiation (PAR) in the area 51-56° S, 38-48° W upwind of South Georgia. (e) South Georgia, King
Edward Point station (KEP) mean daily temperature (light blue), smoothed with an 8-day moving
average (dark blue). (f) Average remotely-sensed Sea Surface Temperature (SST) in the area 5156° S, 38-48° W upwind of South Georgia.
A third estimate of the age of the core can be provided by the likely snow/ice accumulation rate
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at the coring site. Precipitation at the site is likely to approximate 180 mm/month (See
Supplementary material), equating to 3950 mm w.e. for the period between 19th February 2014
and 12th October 2015. By comparison, the upper 6.48 m of the SGC has 3026 mm w.e.
accumulation, broadly comparable to estimated precipitation rates (taking into account some
post depositional loss of snow, due to strong winds at the exposed SGC site). Overall therefore,
the precipitation data broadly agree with ages for the core suggested by both the Chl / MSA data
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Figure 10. Results of a spline cross-correlogram between MSA from the South Georgia core and
remotely sensed Chl data from 51-56° S, 38-48° W for the period 18th February 2014 and 17th
October 2015. The red lines indicate the 95% confidence intervals of the red noise null hypothesis
test.
3.3.2

Mount Logan Core Chronology

The upper section of the Mt. Logan Core (MLC) provides a 1000-year annually resolved
deposition record ending in 1998 CE, with a snow accumulation rate of 0.41 m/yr (w.e.)
(Osterberg et al., 2014, 2008). The Mount Logan core chronology was established by annual
layer counting of seasonal oscillations in δ18O, Na+, and U in the sub-annually resolved portion
of the record (1700–1998 CE), while the period between 1000 – 1699 CE was dated using an ice
flow model constrained by the annually-counted top 300 years, and the identification of major
historical volcanic eruptions from tephras preserved within the core. The maximum dating error
is estimated to be ±0.5 years for the 20th century, and ~1–2% between 1000–1998 CE (Osterberg
et al., 2008).
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4.

Discussion

4.1

The link between dust and PP in the South Atlantic as recorded in the South Georgia

core
Based on the hypothesised relationship between dust and PP (as shown conceptually in Fig. 1)
it may be expected that there would be a relationship between dust flux and MSA
concentrations in the SGC. As previously discussed, dust is not the only source of Fe (and other
biologically important elements) in the HNLC ocean (Meskhidze et al., 2007). However,
estimated soluble dust-Fe flux to the ocean surrounding South Georgia, at a mean input of
~150 nmol/m2/day (exceeding 1400 nmol/m2/day during major dust events) is high in
comparison to studies that measured atmospheric Fe flux in the vicinity of Kerguelen
(~2 nmol/m2/day) (Chever et al., 2010; Wagener et al., 2008) and the Crozet Islands (~100
nmol/m2/day) (Planquette et al., 2007; Pollard et al., 2009). Soluble Fe flux was calculated as
10% of total iron flux for comparability (see Chever et al., 2010; Planquette et al., 2007).
Additional factors such as light availability may also be a major control on oceanic PP either
through seasonal limitation or the depth of the wind mixed layer (de Baar et al., 2005; Gabric et
al., 2002; Pollard et al., 2009). In the case of South Georgia and particularly Mount Logan, PP in
coastal waters may also contribute MSA to the study sites and this can be driven by elements
derived from rivers, although dust deposition will also lead to phytoplankton blooms in coastal
waters (Shaw et al., 2008).
A strong positive correlation was found between Fe and MSA (r = 0.61, p <0.001, n = 70) within
the top 6.48 m of the South Georgia Core (SGC), representing an approximately 20-month period
of accumulation. The significant positive correlation between Fe and MSA concentrations in the
SGC is suggestive of a link between dust-Fe deposition and PP in the SAO upwind of South
Georgia. The high resolution of the SGC provides compelling evidence that PP, as measured by
MSA deposition in the core, responds to event-scale dust-Fe input regularly. Phytoplankton
population response time to iron deposition is on the order of 3-5 days (Boyd et al., 2007;
Johnson et al., 2011), and it appears likely that these high frequency events are captured within
the ~10 cm sub-sections into which the core was divided for processing. Thus, peaks in Fe and
MSA concentrations are assumed to represent events on the order of days or weeks. The SGC
(Fig. 9) shows a number of defined dust-Fe deposition events that temporally match MSA
deposition events. Interestingly these occur both in the austral summer and winter. It has been
thought that light limitation was a major cause of reduced winter PP, and therefore resultant
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measured Chl concentrations, in the HNLC Southern Ocean (Gabric et al., 2002; Pollard et al.,
2009). The high resolution of the SGC record however, appears to show that dust-Fe input may
trigger PP response even in winter, although it is noted that overall PP is higher during the
summer months.
In the SGC further evidence of wintertime dust-fertilisation of ocean waters is provided by
individual dust transport events, which can be tracked using satellite imagery. Despite the
limitations to the age model of the SGC, in at least one case, events have been identified within
SGC. The most obvious event occurred on 16/08/2015 during which a dust plume is visible in
MODIS imagery being emitted from the Patagonian coast at 1900 UTC (Fig. 11a). HYSPLIT
forward trajectory modelling implies the dust transported in this event took approximately 24
hours to reach South Georgia (Fig. 11b). This is further confirmed by MODIS-Aqua Aerosol
Optical Thickness (AOT) which captures the dust event moving away from the Patagonia
coastline and across the South Atlantic, Southern Ocean, toward South Georgia on the
16/08/2015 and 17/08/2015 (Fig. 11c&d). AOT data were filtered to only show values above 0.2
in order to ensure that low and background AOT values below 0.1 were excluded (Gassó et al.,
2010; Ginoux et al., 2001). An increase in Chlorophyll a, as measured by MODIS-Aqua/Terra
satellite, is seen developing beneath the HYSPLIT forward trajectory modelled dust airmass
pathway in the oceanic waters between Patagonia and South Georgia on 19/08/2015 and
21/08/2015 (Fig. 11e&f). Chl a data were filtered to include only concentrations above 0.4
mg/m3, commensurate with peak average austral summertime values in the high latitude
Southern Ocean (Song and Ke, 2015). It is assumed that this Chl event is associated with dust
deposition from the 16-17/08/2015. The increase in Chl a occurs within the timeframe in which
PP is expected to respond to dust fertilisation, that is approximately 3-4 days subsequent to the
passage of the dust event (Boyd et al., 2007; Johnson et al., 2011). This dust event appears to
have been recorded in the SGC, where it likely represents the largest Fe and MSA spike visible
in the SGC record at 1.14 m depth (Fig. 9).
Although the temporal resolution of the SGC is insufficient to unequivocally identify the timing
of this Fe and MSA spike, based on the age-model for the core, the spike is most likely to occur
in August, broadly coincident with the timing of the dust plume. It is also noteworthy that no
other dust plumes of this scale were identified in satellite imagery between June - September
2015. It is noted however that overall the winter dust-PP response is based on few events, and
therefore additional research is required to substantiate the importance of wintertime dust
fertilisation events.
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Figure 11. Tracking a Patagonian dust event and Potential Primary Productivity response in
August 2015. (a) Satellite image (MODIS-Aqua) taken at 1900 UTC on 16th August 2015 showing
a large dust plume originating from the lower Rio Chico in Santa Cruz Province, Argentina. (b)
HYSPLIT forward air mass trajectories from the dust source location beginning hourly between
1800 – 2300 UTC on 16th August 2015. Forward trajectories were run for 36 hours and record the
dust plume’s air mass passing close to and over South Georgia around 24 hours after emission.
Earlier airmass trajectories take a more southerly route and subsequent airmass trajectories shift
northwards and travel at lower altitudes over the SAO and SGC. Panels (c) and (d) show Merged
Dark Target / Deep Blue AOT (MODIS-Aqua) values above a threshold of 0.2 to exclude
background detection. (c) The dust plume is emitted from the lower Rio Chico over the SAO
(activity highlighted by red circle) on the 16th August 2015, and (d) is detected passing close to
South Georgia and the SGC (black star) on the 17th August 2015, roughly 24 hours after emission.
Panels (e) and (f) show 1km resolution Chlorophyll a concentrations (MODIS-Aqua/Terra) above
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a threshold of 0.4 mg/m3 to exclude background detection. Elevated Chl a concentrations are
detected beneath the path of the dust plume (e) near the coast of Patagonia on the 19th August
2015, 3 days after the dust plume, and (f) close to South Georgia on the 21st August 2015, 4 days
after the dust event’s air mass passed over the area.
As well as Fe, which is a major limiting element affecting oceanic PP, other biologically essential
elements may also limit PP in the South Atlantic (Moore et al., 2013). Of the biologically
important elements analysed within this study (Li, Na, Mg, S, K, Ca, V, Cr, Mn, Fe, Co, Cu, Zn, Sr,
Cd), only Co concentrations were found to correlate more strongly with MSA than Fe in the SGC
record (r = 0.67, p <0.001, n = 70). Cobalt has been found to be a key secondary limiting element
by a number of studies examining the influence of nutrients on oceanic PP, affecting
phytoplankton growth through vitamin B12 availability (Dulaquais et al., 2017). Typically, Co is
found to be limiting in situations where Fe is the major limiting element (Martin et al., 1989;
Moore et al., 2013; Saito et al., 2005). This implies that Co may also be a key element limiting PP
in the South Atlantic / Southern Ocean downwind of Patagonia.
4.2

The link between dust and PP in the North Pacific as recorded in the Mount Logan core

Like the SGC, annual concentrations of Fe and MSA in the MLC also show a significant positive
correlation (r = 0.38, p <0.001, n = 982), and, as expected, this relationship is stronger when
smoothed by a 5-year moving average (r = 0.5, p <0.001, n = 974). Overall, however, the
correlation between Fe and MSA in the MLC is weaker than in the SGC. This suggests the
relationship between dust-Fe and MSA may be complex at Mount Logan.
The complexity of the relationship between dust and PP in the MLC is further demonstrated by
changes to the dust-Fe/MSA relationship through time. Regime shift detection indicated an
increase in average Fe deposition after 1874 CE by 69 % (i.e., from 3.53 to 5.97 μg/L). After the
1874 CE shift detected in Fe deposition, average MSA concentrations are 41 % higher (shifting
from 1.16 to 1.64 μg/L) than in the rest of the record preceding this point. However, whereas
the increase in Fe from the 1870s CE is unprecedented in the MLC record, periods of higher or
similar MSA concentrations occur in older parts of the core (Fig. 8), most notably between 1404
– 1619 CE. However, it is noted that the earlier period (1404 – 1619 CE) of elevated MSA appears
to be heavily affected by a single event. Despite the more complex history of regime shifts in the
MSA data, the increase in dust deposition starting in the 19th Century captured at Mt. Logan may
have led to increased PP in the NPO during this period as evidenced by increasing MSA.
Interestingly, however, the significant correlation in annual Fe and MSA concentrations in the
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ice (r = 0.43, p<0.001) between 1000-1873 CE, weakens in the period from 1874-1998 CE (r =
0.15, p>0.05). This is despite the statistically significant increases in both the concentrations of
both Fe and MSA during the latter period. The physical mechanisms that would explain a
sustained increase in concentrations of both Fe and MSA and yet result in a reduction in the
correlation between the two remain unclear. It is noted, however, that the timing of these
regime shifts broadly coincide with the end of the Little Ice Age, which may have resulted in
changes in atmospheric and ocean circulation patterns, aeolian transport pathways, sea ice
duration and extent, and the location of HNLC regions, all of which have the potential to have
impacted the effectiveness of dust fertilisation. Alternatively, intensified human activity and
land disturbance in Asia and North America since the late 19th Century may have resulted in a
change in the composition and location of dust sources, which may have affected dust
fertilisation (Hooper and Marx, 2018). For example, changing dust sources could result in dust
being supplied to the MLC site without influencing Fe-limited oceanic waters (e.g. from novel
dust sources in northeast China or even North America influencing the coring site; see Hooper
and Marx, 2018).
To test the possibility that changes in ocean conditions may have influenced the relationship
between dust and PP in the North Pacific, Fe and MSA concentrations in the MLC were compared
with proxy data of oceanic variability over the past 1000 years using Pearson’s r. This included
Gulf of Alaska (GoA) temperature reconstructed from tree ring data (Wilson et al., 2007), and
teleconnections influencing the North Pacific Ocean, namely the Pacific Decadal Oscillation
(PDO) and the North Pacific Index (NPI). The Pacific Decadal Oscillation describes variability in
SST in the central and western Pacific over the bi-decadal and penta-decadal time scales (see
McGowan et al., 2009) and through its influence on climate and ocean conditions may influence
both dust emissions (e.g. Lamb et al., 2009) and PP over these time scales. Two datasets of the
PDO were used in the correlations, the reconstructed PDO record based on sea level pressure
data from 1900 to 1998 CE (Mantua et al., 1997; Mantua and Hare, 2002) and from 1565 to 1998
CE from tree-ring reconstructions (D’Arrigo and Wilson, 2006). Similarly the NPI, a north to south
variation in sea level pressure, linked to the position of the Aelutian Low in the northern Pacific
(D’Arrigo and Wilson, 2006), also has the potential to influence dust output and PP. The
operation of the NPI between 1900-1998 CE has been reconstructed using Na deposition in the
MLC to create a proxy record for the Aleutian Low, and a reconstructed Dec – Mar North Pacific
Index (NPI) (Osterberg et al., 2014). The resulting correlation coefficients were either absent or
statistically insignificant in all cases (Table 1). There was no correlation between Fe or MSA
concentrations with GoA surface air temperature, which is indicative of the strength of the
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Aleutian Low (Wilson et al., 2007). Similarly there were no significant correlations with either of
the PDO records tested. The lack of correlation between either Fe and MSA and the NPI may
reflect the fact that Asian dust transport and NPO PP would be expected to be most active during
the Northern Hemisphere spring and summer (Duce, 1980; Hayes et al., 2013), whereas the MLC
NPI was reconstructed from Na+ concentrations likely linked to high wind speeds resulting from
the development of a deep Aleutian Low during the wintertime (Osterberg et al., 2014).
Consequently, there are no clear connections between Fe and MSA and ocean variability in the
MLC record.

Despite the lack of relationship between Fe, MSA and oceanic conditions, there does appear to
be a relationship between dust and PP. Sediment cores from the North Pacific recording modern
dust flux, show dust flux is high in the western Pacific, east of Hokkaido, Japan, and to a lesser
extent east of the Kuril Islands and Kamchatka Peninsula, Russia. A second region of high dust
flux occurs in the central North Pacific, south of the western Alaskan Peninsula (Serno et al.,
2014). The emission of East Asian dust over the North Pacific is greatest during the Northern
Hemisphere Spring (March-April-May (MAM)), and associated with the passage of cold fronts
(Duce, 1980). Monthly average MAM atmospheric dust loads (Aerosol Optical Thickness (AOT)
measured by MODIS Aqua satellite between 2003 and 2017) show high atmospheric dust loads
extend into the central North Pacific east of Japan, particularly northeast of Hokkaido during
these months (Fig. 12a), matching the core records of Serno et al. (2014). Similarly, MODIS Aqua
satellite derived Chl observations for the same period show high Chl activity in this region is likely
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to be associated with dust fertilisation (Fig. 12b). Chl concentrations in the western NPO have
been observed to more than double in response to dust events (Yoon et al., 2017). Importantly,
however, there is also significant Chl production along the East Asian coast, in the Bering Sea
and south of the Aleutian Islands which cannot be attributed to dust fertilisation. The impacts
of this on the core results are discussed further in section 4.3.
The region to the east of Japan where PP appears most likely to be influenced by dust-Fe input
is >5000 km from the MLC site. Therefore MSA concentrations in the MLC are likely to be
influenced by the paths of airmass trajectories that transport both dust (Osterberg et al., 2008)
and MSA. Accordingly, the MLC site is unlikely to record a precise record of dust fertilisation
events in the HNLC NPO, while in addition, there is also potential for dust and MSA associated
with the same fertilisation event to be transported along different trajectories, i.e. dust may be
transported to the coring site but associated MSA transported in a different direction by a
secondary synoptic weather system. It is also noteworthy that higher concentrations of both Fe
and MSA occur at the SGC site, despite its much higher snow accumulation rate (1.6 w.e. m/yr
for SGC compared to 0.41 w.e. m/yr for MLC), indicating the effect of the long-transport
distances on diluting the dust and MSA signal at the Mount Logan site.
4.3

Complexity in examining the dust-ocean fertilisation relationships using ice cores

Despite correlations between MSA and dust-Fe being statistically significant for both the MLC
and the SGC, a significant proportion of MSA concentrations in both cores is not explained by
dust-Fe deposition, that is, the r2 value is 0.37 and 0.15 in the SGC and MLC, respectively.
Consequently, it is not possible to predict ocean PP based on dust deposition, i.e. dust-Fe input
alone cannot explain the variance in MSA.
There are a number factors that could negatively influence the strength of the dust-Fe, MSA
relationship in ice cores, i.e. lead to false negative results. This is because a positive correlation
between dust-Fe and MSA response in ice requires a similar magnitude of dust and MSA
deposition in close temporal proximity. Therefore, complexity in air-mass trajectories
transporting dust and/or MSA, and depositional controls (e.g. rainfall scavenging), combined
with the timing of DMS emission following dust fertilisation (typically lagging fertilisation by 210 days Levasseur et al., 2006; Turner et al., 1996), ocean precursor conditions i.e., light (Pollard
et al., 2009; Venables et al., 2007), sea ice cover (Gabric et al., 2005), mixed layer depth (Evans
et al., 2014) and phytoplankton species assemblage (Keller, 1989) all contribute to complexity in
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dust-Fe and MSA response as recorded in ice cores (see expanded discussion in Supplementary
material).

Figure 12. Springtime (MAM) spatial data for AOT and Chl in the North Pacific Ocean. (a) Dark
target Aerosol Optical Thickness at 0.55 microns, scaled mean daily values averaged monthly at
1 degree resolution for MAM between 2003 – 2017 (MODIS-Aqua). (b) Chlorophyll a
concentrations averaged monthly at 4km resolution for MAM between 2003 – 2017 (MODISAqua). The black star marks the location of the Mount Logan Core Site.
Variable concentrations of Fe (and other biologically important elements) within dust source
areas (e.g. Gaiero et al., 2004, 2003; Gili et al., 2017; Kamber et al., 2005; Marx et al., 2018; Marx
and Kamber, 2010) are likely to further contribute to complexity in the dust-ocean fertilisation
relationship. Dust is only one of a number of sources of Fe (and other nutrients) to the ocean.
Other nutrient sources include fluvial input (Baek et al., 2009), hemipelagic sediment (Serno et
al., 2014), including the advection of sediment from sub-ocean plateaus and island margins, as
demonstrated at Kerguelen and Crozet Islands in the Southern Indian Ocean (Chever et al., 2010;
Morris and Charette, 2013; Pollard et al., 2009), and ice rafted debris (Death et al., 2014).
Volcanic eruptions are also an additional source of nutrients (Langmann, 2013; Olgun et al.,
2011). For example, a large bloom occurred in the NE Pacific ocean following the 2008 eruption
of Kasatochi Volcano, Aleutian Islands (Hamme et al., 2010; Lindenthal et al., 2013). While major
eruptions are easily accounted for in ice cores, the contribution of small or distal eruptions or
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even re-entrained ash is harder to ascertain. Therefore, PP and subsequent MSA production at
either study site can be initiated by non-dust derived nutrients. In particular coastal waters tend
to have high levels of PP (as shown for the NPO coast in Fig. 12b), as they are usually not nutrientlimited. However, despite the dominance of coastal Chl observable in Fig. 12b, the very large
spatial area of the remote HNLC ocean implies the cumulative impact of low PP is very important.
5.

Summary and Future Work

This study has demonstrated a positive relationship existed between dust-Fe and MSA
concentrations in ice cores from Mt Logan, reflecting Asian dust deposition and associated PP in
the NPO, and South Georgia, reflecting Patagonian dust deposition and PP in the SAO. This
relationship implies a priori that dust-Fe fertilisation makes a significant contribution to PP in
both study regions. The relationship between dust-Fe and MSA deposition in the SGC was
further verified by satellite imagery showing dust emissions from Patagonia, ocean Chl response
and subsequent MSA and dust-Fe deposition in the core. However despite some examples,
where satellite imagery can be used to track dust deposition and PP response in the high
latitudes, persistent cloud cover and low winter light availability are major limitations to the
application of satellite imagery for quantifying dust fertilisation in high latitude regions (Bullard
et al., 2016; Gassó et al., 2010). For example, this is demonstrated in Figure 11, where despite
dust and Chl being visible, the full extent of both the dust plume and the Chl response is
obscured by cloud cover. Consequently, ice core data, as presented in this study, are a viable
alternative for examining dust ocean fertilisation.
The addition of the ice core data from this study contributes to furthering understanding of the
Fe hypothesis, by providing new continuous empirical datasets, which have positively identified
a dust-Fe, MSA link across large spatio-temporal scales. The SGC indicates that aeolian input has
the potential to drive DMS production on a continuous low-level event basis, evident through
the strong correlation between Fe and MSA (r = 0.61, p <0.001, n = 70). These data suggest that
while seasonal variables such as SST and light input create the conditions suitable for enhanced
PP, aeolian Fe input is an important control of individual PP events. Accordingly, atmospheric Fe
deposition may be a significant factor controlling phytoplankton productivity in the present-day
SAO, to be considered alongside changes in winter mixing (Tagliabue et al., 2014) (annual scale)
and ocean circulation (paleo timescales). This is in contrast to other event-scale studies that
suggest upwelling and lateral advection as the primary source of Fe controlling biological activity
(e.g. Chever et al., 2010; Meskhidze et al., 2007; Pollard et al., 2009). It is likely that aeolian
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deposition constitutes a greater share of Fe supply downwind of major continental dust sources,
while in other areas more remote from dust transport corridors oceanic Fe sources are more
important (Cassar et al., 2007). Additionally, the MLC record demonstrates the consistent nature
of the correlation between aeolian Fe deposition and MSA on a multi-annual basis (r = 0.5, p
<0.001, n = 974). However, the increase in dust flux in the MLC during the past ~150 years, likely
occurring in response to anthropogenic change within dust source areas (Hooper and Marx,
2018), resulted in a weakening of the correlation between MSA and dust deposition.
Consequently, further work is needed to understand why this is the case. Taken together,
however, the correlation between Fe and MSA concentrations in the ice cores present an
intriguing hypothesis that, during the Holocene epoch at least, aeolian-derived Fe may play an
important role in driving PP in both the SAO and NPO. This relationship is expected to have
substantial impacts on associated ecosystem functions such as carbon export (Blain et al., 2007;
Smetacek et al., 2012). As such, these preliminary results are an important first step in
understanding further the relationship between dust, PP and atmospheric CO2 concentrations,
both in the recent industrial past and in future climate scenarios.
The utility of ice cores to help understand the role of dust in iron-fertilisation of HNLC areas, as
described in Figure 1 is not straightforward, particularly at an annual scale in the MLC, where
the correlation between dust-Fe and MSA was weaker. This is potentially related to the long
distances involved in transporting dust-Fe and associated DMS/MSA to the MLC, and to the
greater complexity in the factors which influence PP over the larger spatial scale of the NPO.
Thus the key limitations in using ice core records to investigate dust ocean fertilisation are, 1)
the positioning and proximity of a core site in relation to dust sources and HNLC ocean regions,
2) the presence of other non-dust Fe sources and areas of DMS production, 3) the frequency
and consistency of airmass trajectories between dust and DMS sources and the core site and 4)
variability in DMS production and phytoplankton growth. Correspondingly, the MLC, which is
remote from its major East Asian dust sources, has a greater variety of Fe inputs and PP hotspots
in the NPO, as well as more variable airmass trajectories, and records a weaker dust-MSA
relationship than the SGC.
Future work is required to better understand the relationship between dust and PP over both
event and paleo timescales. In the latter case, ice cores are one of a few environments offering
high resolution records of dust and PP (via MSA response) over multi-millennial time frames. In
addition to using ice cores, real time sampling combined with remote sensing offers significant
potential for more fully understanding the dust/PP relationship. Although satellite data offer
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only relatively short term observations (e.g. 30 years) and, as previously noted, are often
compromised by low light and frequent cloud cover at high latitudes, i.e. where the major HNLC
oceanic regions are located, it nevertheless offers significant potential when used in
combination with ice core data. It is therefore proposed that the way forward in examining the
dust-PP relationship may be best achieved using a staged approached, combining multiple
techniques including, 1) real-time air sampling downwind of known dust sources and recipient
HNLC waters, 2) use of contemporary remote sensing data to measure and track dust emission
events and downwind PP response, and 3) collection of ice cores to validate preservation of
these MSA and dust data and to investigate this relationship over longer time scales.
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Chapter 6
Conclusions and Future Research Directions
The aims of this thesis were to a) assess whether human activity has had a quantifiable impact
on dust flux, and b) investigate if changes in dust flux have affected recipient ecosystems. In
order to investigate these questions, this body of research has; 1) Collated existing studies, and
performed a robust statistical analysis of global dust datasets (Chapter 2), 2) Identified spatial
gaps in existing studies (Chapter 2), and constructed new high resolution records for two
separate major dust source regions of South America (Chapters 3 & 4), and 3) Presented a novel
methodology for examining the relationship between dust deposition and the primary
productivity of recipient HNLC ocean areas using ice cores located downwind of these regions
(Chapter 5). The conclusions and limitations of this research, as well as productive future
research directions are discussed in this chapter.
1. Dust flux has approximately doubled as a result of human activity in the Anthropocene
Within this study, sedimentary archives which recorded dust deposition and both predate and
cover the development of industrial agriculture were concluded to be the most effective means
of assessing whether human activity had influenced dust emissions (Chapter 2). Consequently,
suitable sedimentary archives were compiled from around the globe. These were processed
using regime shift analysis to detect if they had recorded a statistically significant change in mean
dust flux following the onset of industrial scale agriculture (at or after 1750 CE). This analysis
allowed assessment of the scale of the human impact on dust flux in different regions of the
globe, with the timing of shifts compared to recorded historical landuse changes. The results of
this analysis indicated that a doubling of dust emissions has occurred globally in the period since
1750 CE.
Other empirical studies examining the effect of human activity on dust emissions undertaken
using different methodologies, for example meteorological records, were also examined in
Chapter 2. These implied an even greater impact of human activity. That is, they indicated that
dust flux increased by up to 45 times as a result of anthropogenic disturbance, exceeding the
estimate from sedimentary archives by a factor of approximately 2 – 20. They however
examined dust emissions at lesser spatial and/or temporal scales than studies using sedimentary
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archives. Consequently, it is clear that the magnitude of change in dust flux as a result of
disturbance differs dependent on the spatio-temporal scale at which it is measured. Local
measurements over short time-scales (e.g. Airbourne Sediment Samplers) tend to record much
greater increases in dust flux when compared to measurement methods operating at much
greater spatial, e.g. satellite remote sensing, and/or temporal scales, e.g. sedimentary archives.
Due to the larger spatio-temporal coverage and relatively good resolution (<10 years / sample)
of many sedimentary archives, it was determined that this study type is most appropriate for
investigating changes in global dust flux over time-scales (decadal – centennial) that are relevant
and comparable within the context of background Holocene variability.
Changes in dust deposition, as recorded by the compiled sedimentary archives, coincided with
evidence of landuse change (agriculture expansion) in almost all cases. That included in
environments such as Australia, where industrial agriculture occurred coincident with European
settlement and was therefore the first major human effect on landuse (Marx et al., 2014), and
also North Africa, which had a long history of human landuse prior to the development of
industrial (commercial) agriculture (Mulitza et al., 2010). The global increase in dust apparent in
the data presented in this thesis therefore reflects the massive scale of landuse change that
accompanied the Industrial Revolution, i.e. the percentage of terrestrial land area undergoing
some form of human utilisation has increased from just 5% prior to 1700 CE to more that 55%
by the end of the 20th Century CE (Ellis et al., 2010). These anthropogenic landuse changes, which
have increased the susceptibility of soils to wind erosion, include vegetation clearance, cropping,
ploughing, the introduction of stock, resource extraction, modifications to hydrology,
construction and urbanisation. Consequently, this likely represents the most significant global
land surface change within the mid to late Holocene.
Of the 25 archives analysed, 16 recorded a statistically significant increase in dust flux in the
period since 1750 CE compared to background dust deposition prior to this date (Chapter 2; Fig.
1). Dust flux to these archives increased by a factor of 2.1 on average since 1750 CE. Importantly,
this change in dust flux as a result of human activity since 1750 CE recorded in sedimentary
archives is comparable to the natural range recorded for Glacial cycles, that is approximately 24 times (Kohfeld and Harrison, 2001; Mahowald and Luo, 2003). However, more nuanced details
of the changes to dust flux (i.e. the timing and nature of disturbance) may be better understood
by considering individual case studies. Among the analysed cores, eight did not record a
statistically significant changes in dust flux outside of background variability, and a single core
recorded a decrease in dust deposition since 1750 CE, demonstrating that there is spatial
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variability in dust flux change. In Chapter 2, it was noted that many of the cores that did not
exhibit an increase in dust flux were likely affected by strong local factors relating to their
positioning (i.e. at high altitude, or extremely remote from potential dust sources). Due to a lack
of spatial coverage to adequately constrain dust flux gradients across many regions, more
datasets from new sedimentary archives are needed to better understand the regional
variations of global dust flux trends.
On the basis of the global review of dust emissions undertaken in Chapter 2 of the thesis, two
new South American records of dust emissions over the late Holocene were constructed in this
thesis (Chapters 3 & 4). These provide important insights into the nature of elevated dust flux
as a result of human disturbance. Although data on the impact of human activity on dust
emissions is lacking from almost all affected landscapes globally, it was decided to examine the
impacts of human activity on South American dust specifically within this thesis. This is because
South America contains two globally significant dust source regions, each influenced by a
different (although linked) set of environmental conditions, that is, climate systems (both at a
meso and synoptic scale) and anthropogenic landuse histories. Both South American case
studies broadly match the global pattern of dust flux increases related to anthropogenic
disturbance identified in Chapter 2, albeit recoding differing dates of the onset of exacerbated
dust emissions, which relate to the particular timing of landuse intensification in each region.
That is, both cores recorded a 2 – 5 times increase in dust flux contemporaneous with the timing
of known historical landuse changes. However, they also provided information on the potential
causes of increased dust flux by demonstrating how interactions between humans and the
environment may have resulted in the creation of landscapes that were more prone to wind
erosion.
The evidence from the South American cores suggests that the causes of landscape change are
complex, and that the environment responds to a combination of climatic and anthropogenic
factors. For example, biological proxies in the Santa Victoria Core extracted from the eastern
edge of Puna-Altiplano closely track dust flux over much of the core, suggesting that prior to
intensive human disturbance in the post-Colombian era, climatic conditions, in particular
moisture availability, exerted the major control on dust flux to the core site. However, after 400
cal. years BP, following the arrival of Spanish colonists in the region, biological proxies and dust
flux display a marked divergence, indicative that after this period it is anthropogenic disturbance
that is the major control on dust flux. Subsequently, the transition to more arid conditions during
the 20th Century CE has seen the highest dust fluxes recorded throughout the core. Hence, in
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many cases it is likely that anthropogenic disturbance has made the environment more
susceptible to wind erosion by lowering its resilience to natural climatic variability. That is,
intensive cropping, grazing and the clearance of land for resource extraction and industrial
activities has resulted in a reduction in vegetation cover meaning that during periods of greater
aridity and/or windiness that occur within the range of natural variability, fine sediments are
exposed and readily entrained as dust. At a broad-scale it has been suggested that ploughing
practices and the replacement of more resilient grasslands with less drought resilient crops led
to the wholescale surface erosion experienced during the drought-exacerbated dust bowls
experienced in North America, South America and Australasia during the first half of the 20th
Century CE (Cattle, 2016; Cook et al., 2009; Viglizzo and Frank, 2006). It is unlikely to be
coincidence that these regions all experienced roughly contemporaneous dust bowl events at
the time that industrial-scale mechanised agricultural practices were introduced to these
environments by European colonists / settlers.
Both the new South American records of dust deposition presented in this thesis indicate that
elevated dust flux coincided with a change in the source of dust to each studied archive (peat
bog). Changing dust geochemistry indicates that new and/or additional sources of dust were
being supplied to each core site, and at the same time that increasing dust flux (attributed to
human activity) was occurring. That implies that, in many cases, anthropogenic disturbance has
resulted in the activation of new dust sources in landscapes that would otherwise be stable
under current climatic conditions (e.g. semi-arid grasslands), or the reactivation of existing dust
sources (e.g. endorheic basins), that is making them more susceptible to wind erosion.
Furthermore, both cores record elevated heavy metal (e.g. Pb) concentrations
contemporaneous with increased dust deposition, attesting to the industrialisation of the
surrounding environment that is likely responsible for the increased dust fluxes.
The centrality of anthropogenic disturbance in creating the conditions for increased dust fluxes
during the Anthropocene is strengthened by the timing of elevated dust flux both in the South
American cores and globally. Restated, increased dust emissions match the specific recorded
landuse histories of the related dust source regions. As such, environments that underwent
earlier disturbance and landuse change, e.g. the Puna-Altiplano during the Colombian era (post1570 CE), experienced correspondingly earlier increases in dust emission (see Chapter 3), while
in Patagonia and Australia, which saw rapid landuse change from the mid-19th Century CE, dust
emissions did not increase until after this time (e.g. Chapter 4; Marx et al., 2014). Other regions
which did not commence industrialised agriculture until the early to mid-20th Century, such as
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Central and East Asia exhibit even more recent increases in dust flux, matching the known timing
of mass population movements and technological adoptions in these regions (e.g. Bao et al.,
2012; Kang et al., 2003; Kaspari et al., 2009; Thompson et al., 2000). Furthermore, the compiled
records demonstrate that environments that have undergone long-term historical
anthropogenic disturbance pre-dating the last ~250 years e.g. North Africa and East Asia, also
exhibit an increase in dust flux as a result of the intensification of landuse during the
Anthropocene (e.g. Mulitza et al., 2010; Osterberg et al., 2008).
Overall, this finding, that dust flux has doubled during the Anthropocene, supports the findings
of individual studies and a previous compilation (see Mahowald et al., 2010) which have also
implied a doubling of dust flux during the 20th Century in selective locations. However, it
advances these studies, by compiling a large number of records from around the globe and
through undertaking appropriate statistical testing of the results. The results are therefore the
most rigorous assessment of the impacts of human activity on dust emissions.
2. Increased dust flux as a result of human activity is likely impacting global biogeochemical
processes
The 2nd aim of this thesis, to examine the link between human activity, dust emission and
ecosystem response was explored in Chapter 5. However, the magnitude of anthropogenic dust
flux in many regions remains poorly constrained (as established in Chapter 2 of the thesis), and
in addition, the response of recipient ecosystems to changing dust input is also poorly
constrained. Therefore attempting to measure the effect of the anthropogenic component of
dust in isolation was not possible in this thesis. Thus, while the aim of the thesis was to examine
the impact of anthropogenic dust on ecosystems, it was necessary to first develop a
methodology for examining how ecosystems respond (or not) to changing dust input (regardless
of dust origin). Consequently, although it is possible to infer an anthropogenic dust impact signal
on ecosystems based on the overall increase in dust flux as a result of human activity (outlined
in Chapter 2), at this stage it is not possible to quantify the relative impact of the anthropogenic
dust component alone.
Measuring the impact increased dust flux may have on the Earth’s biogeochemical cycles is
complex, and the focus of much research has been to understand how dust interactions affect
the climate system (see Shao et al., 2011). The impact of dust on recipient ecosystems has been
less explored, but is critical for understanding ecosystem functioning and sustainability and also
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because ecosystem response influences Earth’s climate system. These feedback relationships
become critical over millennial timeframes in particular, where for example they are
hypothesised to have a significant effect on atmospheric C02 concentrations. However, empirical
data unequivocally linking dust fertilisation to changes in climate are not currently available. In
addition, determining the effect of dust on a given ecosystem (as well as associated feedbacks)
has been hindered by fact that dust can travel long distances (>104 km) over wide spatial areas,
that is, atmospheric circulation and therefore dust transport has more inherent variability and
dispersal by comparison to the geologically stable and defined paths of fluvial systems and ocean
currents. Dust deposition can therefore provide critical nutrients to a spatially diverse range of
ecosystems including, for example, island soils (e.g. Muhs et al., 2012, 2010, 2008), the amazon
rainforest (Bristow et al., 2010), and nutrient-limited ocean environments (Jickells et al., 2005).
However, a number of proxies may be preserved in sedimentary archives which allow
assessment of the role of dust in ecosystem fertilisation both in the present and over millennial
timescales.
As outlined in Chapter 5, the Iron Hypothesis posits that Fe input, as a component of dust,
removes the limitation on Primary Productivity (PP) in large parts of the global ocean (see
Martin, 1990), and that changes in dust flux to these HNLC regions may be central to the large
fluctuations in atmospheric CO2 observed over glacial cycles (see Kohfeld and Ridgwell, 2009).
The findings of Chapter 2, supported by Chapters 3 & 4, demonstrate that increases in dust flux
during the Anthropocene are comparable to dust variability over glacial cycles, and suggest that
investigating how increased anthropogenic dust flux is affecting the PP of HNLC ocean regions
over a time period of increasing anthropogenic CO2 concentrations (i.e. post-1750 CE) is an
important line of enquiry. Consequently, in order to measure the relationship between dust and
PP, dust-Fe deposition was compared with Methanesulfonic Acid (MSA) concentrations, a proxy
for biological productivity, chronologically within two ice cores, both downwind of major dust
sources (i.e. Patagonia and East Asia) and HNLC ocean regions (i.e. Southern Ocean and North
Pacific Ocean).
The data from the two ice cores, extracted from South Georgia Island and from Mount Logan in
the Yukon, Canada, show statistically significant correlations occur between dust-Fe and MSA
deposition at event and annual scales, respectively. A high magnitude dust-Fe and MSA
deposition event recorded in the South Georgia Core was confirmed with satellite imagery,
airmass trajectory analysis, and remote sensing of both Atmospheric Optical Thickness
(representing dust) and ocean chlorophyll concentrations (representing PP). Furthermore, in the
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case of the correlation between Fe and MSA over the 1000-year long Mount Logan Core (MLC),
climate indices, including the Pacific Decadal Oscillation and the North Pacific Index, were unable
to explain the variation in either Fe or MSA deposition in the core, suggesting that dust-Fe flux
from the East Asian source region is a good control of MSA flux reaching the MLC. However,
there remain difficulties to unequivocally establish this relationship due to the nature of dust
transport and PP response. Therefore, although this work indicates that there is likely to be a
relationship, additional work is needed to further understand it.
Despite these limitations, together, these cores suggest that the doubling of dust flux as a result
of anthropogenic activity with the last ~250 years is likely to have deposited more Fe downwind
of the respective source areas and consequently stimulated increased primary productivity in at
least two of the major HNLC ocean regions. Thus, as well as the direct interaction of dust with
the atmosphere, it is highly probable that increased dust fluxes are impacting Earth’s
biogeochemical processes, and subsequently the global climate, through indirect mechanisms
such as those put forward in the Iron Hypothesis.
3. Future Research Directions
As a result of this research four important future research directions have been identified as
requiring attention:
1.

Despite the focus of this study on compiling a comprehensive set of high resolution

sedimentary archives from around the globe, there are broad regions for which long term (e.g.
>500 year) sedimentary archives of dust deposition are not yet available, and consequently,
there is an ongoing need to better constrain changing dust flux spatially around the globe by
filling in spatial gaps. Furthermore, of the dust records that do exist, few studies have attempted
to specifically address the impact of anthropogenic disturbance and consequently these records
are often not extracted from locations that are optimum for addressing this question.
Additionally, difficulties remain in averaging and spatially interpolating this data. A number of
global dust models have attempted to simulate both current and historical dust flux, however
at centennial timescales and greater, they are also constrained by the limited data available from
sedimentary archives, and compared to the findings of this thesis appear to consistently
underestimate the impact of anthropogenic disturbance in increasing dust flux. These factors
present limitations in compiling a quantitative measure of the impact of human disturbance on
dust emissions, which can only be gradually addressed with the addition of new records.
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Consequently, there is a need for future research where empirical dust flux records are
constructed with the specific aim of examining the effect of human activity on dust emissions.
2.

There is a need for a greater understanding of the dynamics of anthropogenic

disturbance across a variety of environments and its impacts on dust flux. Specifically, the key
mechanisms that lead to increased dust flux remain poorly understood (i.e. what are the relative
disturbance factors of cropping, grazing, water diversion etc.?). Additionally, anthropogenic
impacts need to be integrated with factors that might influence the magnitude of dust flux
increase in a given disturbed environment. These location specific factors may include; the
quantity of potentially available sediments, and sediment types; local climatic factors (i.e.
drought / windiness) that may influence sediment availability and transport; and if applicable,
the historical type of disturbance or landuse that has previously occurred in that environment.
3.

The integration of different technologies has the potential to greatly facilitate research

into the impact of changing dust flux on Earth’s biogeochemical processes. For example, while
some existing studies have shown a modern relationship between dust and ocean primary
productivity over single events or seasons using remote sensing, shipboard or ocean buoy
monitoring technologies, Chapter 5 of this thesis presents the first such study that has been
designed to measure the operation of this relationship over time in multiple regions, that has
additionally been verified with contemporaneous observations. Using contemporary in-situ and
remote sensing measurements to verify and calibrate recent deposition events recorded in ice
cores may allow a better understanding of how the dust – PP relationship has operated in the
past and provide markers against which to judge if the relationship has changed. There is also
substantial scope for developing new methodologies to measure biogeochemical responses to
changing dust flux in a broad range of environments, but this will require cross-disciplinary
partnerships between researchers who understand dust dynamics, and those who specialize in
the nutrient limitations and requirements of specific (dust recipient) ecosystems.
4.

Further research is also required from within dust source areas to better quantify the

impacts of sediment (and nutrient) loss on source area productivity. Although this thesis has
focussed on the impact of dust-nutrient transport to recipient ecosystems, this process is also
likely to have a substantial impact on source area ecosystems as a result of soil and nutrient loss.
For example, how does source area nutrient loss compare with the fertilisation of recipient
environments (i.e. is there a net positive or negative productivity balance). Currently there have
been few studies which have attempted to quantify the impacts of increased dust emissions on
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source area productivity over time or space, but given the evidence for increased dust emission
from many environments as a result of human activity this is also likely to have had an important
effect on biogeochemical processes. Complications may exist in disentangling the effects of soil
and nutrient loss to dust emissions from other anthropogenic processes, for example, the
conversion of natural environments to cropland, but this nonetheless remains an important and
relatively unexplored avenue of research.
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APPENDICES AND
SUPPLEMENTARY MATERIAL

S-1

S-2

S-3

Graphs of dust deposition in analysed sedimentary archives
listed in Supplementary Table 2
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9. Mount Everest (2)
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11. Snowy Mountains
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15. WAIS
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17. Penny Ice Cap
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21. Puruogangri Ice Cap
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22. Quelccaya Ice Cap (1)
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23. Quelccaya Ice Cap (2)

Quelccaya Ice Cap (2) - Dust
1400000
1200000

Particles / mL

1000000
800000
600000
400000
200000
0
400

600

800

1000

1200

1400

1600

1800

2000

Years CE

Shifts in the mean for Dust LN+1, 1984-470
15.0
14.0
13.0
12.0
11.0
10.0
9.0

504
541
578
615
652
689
726
763
800
837
874
911
948
985
1022
1059
1096
1133
1170
1207
1244
1281
1318
1355
1392
1429
1466
1503
1540
1577
1614
1651
1688
1725
1762
1799
1836
1873
1910
1947
1984

8.0

S-26

24. Quelccaya Ice Cap (3)

Quelccaya Ice Cap (3) - Ti
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25. SPRESSO
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Establishment of chronological control for the South Georgia Core (SGC)
The SCG core chronology was developed based on 1) matching patterns in core MSA with
remotely sensed ocean chlorophyll (Chl) concentrations and; 2) application of a spline crosscorrelogram to statistically test this relationship; 3) constraining the date of the MSA burnout
(below 6.48 m depth) using air temperature data and; 4) comparing estimated annual
precipitation with the snow water equivalent (w.e.) accumulation in the core.
The structure of MSA deposition through the core by comparison to remoted sensed Chl data
can be used to constrain chronology through the core. This is possible, because, as implied by
HYSPLIT back trajectories, the major source of MSA to the SGC is predominately from
phytoplankton located in western South Atlantic between South Georgia and Patagonia (51-56°
S, 38-48° W; Chapter 5; Fig. 2) (although airmass trajectories also demonstrate the possibility of
transport of MSA from other oceanic regions, e.g. from the Southern Ocean). Increased
phytoplankton PP in this sector would therefore be expected to result in the downwind
transport of DMS/MSA to South Georgia. Satellite derived Chl data can be used as a measure of
PP in oceanic waters (Johnson et al., 2011; Meskhidze et al., 2007). Chl data derived from upwind
of South Georgia, i.e., 51-56° S, 38-48° W, displays distinct seasonality, with Chl concentrations
highest during the austral summer, with either low Chl concentrations and occasionally no Chl
are recorded during the winter (Chl data from 12th July 2013 to 31st December 2015 are shown
in Fig. 9c (Chapter 5) by way of example). It is noted however, the ability to detect Chl in winter
from satellites is affected by high cloud cover and low light (Gassó et al., 2010). Chl would
nevertheless be expected to be low in winter (due to lack of light amongst other factors). MSA
concentrations also contain a distinctive pattern, with two periods of enhanced MSA deposition
(i.e. ~1 - 4.5 m and ~5.5 - 6.4 m) separated by approximately one meter of core were MSA was
not detected (Chapter 5; Fig. 9b). Due to the relationship between MSA and PP, this pattern is
expected to reflect seasonal variability in PP as described by the Chl data. Consequently, this
pattern in MSA concentrations can be used to infer the seasons recorded in the SGC. Aligning
the date the core was extracted (17th October 2015) with the remotely sensed Chl data, implies
the lower end of enhanced MSA period (at ~1 and 4.5 m depth) occurred during the austral late
winter/early spring 2014, while the previous period of elevated MSA concentrations (at ~5.5 –
6.4 m) depth is likely to denote the austral summer/autumn 2014. Consequently, the core is
expected to represent approximately a 20 – 25 month period, that is, 6.48 m depth equates to
a date of sometime between November 2013 to April 2014.
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The degree of match between MSA and Chl data was evaluated using a red-noise tested spline
cross-correlogram, i.e. the viability of using the MSA-Chl relationship to establish a chronology
for the core was examined. The approach is adapted from Bjørnstad and Falck (2001) and allows
calculation of the correlation between time series with irregular time points and/or missing
values. Figure 10 demonstrates a significant correlation occurs between MSA and Chl, and that
this correlation appears to be related to seasonal variation (as seen by the significant negative
correlations at 180-200 days). The cross-correlogram shows the effect of lags on the
relationship. The correlation at lag 0 is 0.32 (p<0.001), and the highest correlation, seen at lag
+16, is 0.33 (p<0.001). This lag could reflect statistical variation or it may reflect the physical
relationship between PP and DMS production, with for example DMS production found to be
highest following grazing of phytoplankton, during lysis or cell senescence and is species
dependent (see Gabric et al., 1993). In addition, the 95% confidence intervals (i.e. 2.5 and 97.5%)
are plotted on Figure 10 following a red noise null hypothesis test (red lines). In the red noise
hypothesis test, a pair of time series with the same autocorrelation as the observed time series
were simulated using block bootstrapping, then the spline cross-correlogram was calculated for
the bootstrapped pair. The null hypothesis confidence intervals were calculated using 5000 pairs
of bootstrapped time series. The block bootstrapping was performed with fixed block lengths,
where the block lengths were determined using the method of Patton et al. (2009). The result
confirmed the statistical relationship between Chl and MSA support the use of these data to
construct a chronology for the core.
Further validation of the core chronology can achieved by correlating the depth at which MSA is
lost from the core with temperature records. MSA concentrations were only detected in SGC to
6.48 m depth (as were other soluble elements; Ca, S and K). Following deposition, MSA can be
mobile within firn and ice although this process is poorly understood (Osman et al., 2017). The
most significant factors governing post-depositional MSA migration are thought to be low
accumulation rate (<0.45 m w.e./yr), and high firn / ice densities (>550 kg/m3) (Osman et al.,
2017). The SGC site experiences a much higher accumulation rate (1.6 m w.e./yr), although the
firn densities are moderate / high (360 – 600 kg/m3). However, under normal conditions MSA
mobility would not be discernible over the 20 – 24 month period covered by the SGC at such a
high accumulation rate. This implies that the loss of MSA and other elements in the SGC beyond
6.48 m occurs in response to the movement of liquid water in the core as a result of melt, which
is known to mobilise MSA and other soluble ions in firn (Moore et al., 2005). The MSA data
suggest the upper 6.48 m of core dates from November 2013 – April 2014, and therefore the
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date of any anomalously warm conditions responsible for at least partial melting of the core
should be apparent within temperature data from that period.
Temperature data for South Georgia Island is available from King Edward Point (KEP) and may
be used to constrain the timing of significant warming on South Georgia Island responsible for
snow pack melt and subsequent loss of MSA. The highest mean daily temperatures recorded
between January 2012 and December 2015 occurred on the 17 and 19th February 2014 at 13.6
°C and 14.2 °C, respectively (Chapter 5; Fig. 9e). During a 59-hour period between these dates
the temperature remained above 10 °C for 50-hours and 15 °C for 31 hours. Outside of this
period there were only two other days in the record where mean daily temperature was above
13 °C and four days where it was above 12°C (one of which was 18th February 2014 at 12.4 °C),
while there are no other consecutive 3-day periods with daily mean temperatures above 11°C.
Although the KEP meteorological station is at sea level and the SGC is at 950 m, this exceptional
period of warm temperatures is likely to have caused snow pack melt and subsequently mobility
of MSA is presumed to have occurred during this event. The timing of this warm period (17-19th
February 2014) therefore likely constrains the timing of MSA loss beyond 6.48 m depth to this
date. Importantly these dates are within the date range estimated for the core at 6.48 m depth
(i.e., November 2013 to April 2014) based on the Chl/MSA association.
The snow/ice accumulation rate can be compared with estimated precipitation for the SGC as
an additional measure of core age. Instrumental snow accumulation data is not available for the
SGC site, however GPCC 1° resolution gridded gauge analysis data for precipitation (not shown)
indicates total precipitation between 19th February 2014 and 12th October 2015 was 3950 mm
w.e.. The precipitation rate showed low variance over this period, departing from the mean
precipitation rate by a maximum of 7 % of total precipitation. That implies a precipitation
accumulation rate of around 180 mm/month. Between the surface and 6.48 m depth, the SGC
has a measured accumulation of 3026 mm w.e.. Taking into account the likelihood of post
depositional loss of some snow, due to strong winds at the exposed SGC site, the GPCC
precipitation estimate is similar to, although slightly higher than, the accumulation rate seen in
the SGC. Overall therefore, the precipitation data broadly agrees with ages for core suggested
by both the chl / MSA data and the timing of loss of MSA beyond 6.48 m depth.
Tie points for the SGC core chronology can be estimated based on the date of core extraction
(17th October 2015), and the date of the anomalous warm air temperatures at KEP (18th February
2014). This is likely to mark the point at which MSA disappears from the core at 6.48 m and is
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independently supported by the seasonal MSA/Chl relationship and the water equivalent snow
accumulation rate at the core site. Based on these a chronology was developed for the core and
is plotted alongside the Fe and MSA in Fig. 9. In addition, remotely sensed Sea Surface
Temperature (SST) and Photosynthetically Available Radiation (PAR) are also plotted alongside
Chl concentration to demonstrate seasonal climatic variability in the likely MSA source area
upwind of the SGC (Chapter 5; Fig. 9d&f). Interestingly, the derived chronology indicates that
significant MSA production can occur outside of summer months, with spikes in MSA
concentration occurring in SH winter/spring 2015 and 2014, broadly matching peaks in Fe
deposition.
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Further discussion of factors influencing the dust-Fe, MSA relationship
The trajectories and timing of a dust plume and subsequent MSA transport can influence the
ability of an ice core to faithfully record their association. Because DMS emission by
phytoplankton occurs from 2-10 days after Fe fertilisation (Levasseur et al., 2006; Turner et al.,
1996), MSA and dust can be transported by different air-masses, that is they may not both be
transported to the ice field. Similarly, following a fertilisation event, rainfall scavenging may
remove dust or MSA before deposition in the ice. Alternatively, dust deposited at the core site
has not necessarily fertilised upwind HNLC waters.
A number of studies have investigated the geochemical composition of dust sources (e.g. Gaiero
et al., 2004, 2003; Gili et al., 2017; Kamber et al., 2005; Marx et al., 2018; Marx and Kamber,
2010). These show that the concentration of Fe (and that of other biologically important
elements) varies between dust source areas. Therefore different dust plumes have differing
ocean fertilisation potential. Furthermore, as previously discussed, Fe is not the only nutrient
limiting PP (Moore et al., 2013). In the SGC a stronger correlation occurred between Co and MSA
than Fe-MSA. Consequently, the correlation between dust-Fe and MSA may by be partly
influenced by the relative Fe and Co (and other biologically important elements) concentrations
in any given nutrient source, i.e. in a given dust plume.
Dust is not the only source of Fe and other nutrients to ocean waters. Fluvial input is a significant
source of ocean nutrients, with coastal phytoplankton blooms observed in Japan following heavy
rainfall (Baek et al., 2009). Hemipelagic sediment is an additional source of nutrients to the
ocean (Serno et al., 2014). The horizontal transport of sediment from sub-ocean plateaus and
island margins is considered the primary source of Fe driving phytoplankton blooms in some
oceanic regions, for example around the Kerguelen and Crozet Islands in the Southern Indian
Ocean (Chever et al., 2010; Morris and Charette, 2013; Pollard et al., 2009). Of significance for
the MLC record, hemipelagic sediment can be advected from continental margins to HNLC areas
of the NPO, from where upwelling and vertical mixing may also provide an important source of
bioavailable Fe (Lam and Bishop, 2008). Iron can also be delivered to the ocean via ice rafted
debris, with this process known to supply Antarctic coastal waters with nutrients (Death et al.,
2014).
Volcanic eruptions provide sporadic nutrient input to the ocean. In this study, volcanic activity
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is known to have influenced the MLC, with tephra present within the ice core (Osterberg et al.,
2008) suggesting ash may have contributed to PP and the associated MSA signal. Although the
influence of volcanic ash on PP is poorly constrained (Langmann, 2013; Olgun et al., 2011), it has
been estimated that the Fe flux to the Pacific Ocean from volcanic ash is comparable to that of
mineral dust over millennial time scales (Olgun et al., 2011). Consequently, phytoplankton
blooms have be observed following ash deposition. For example, a large bloom occurred in the
NE Pacific ocean following the 2008 eruption of Kasatochi Volcano, Aleutian Islands (Hamme et
al., 2010; Lindenthal et al., 2013), while the 2010 eruption of Eyjafjallajökull in Iceland resulted
in enhanced major nutrient drawdown by and biochemistry perturbation in the Iceland Basin of
the North Atlantic (Achterberg et al., 2013). Of relevance for the MLC record, aeolian transport
of resuspended ash may also contribute to PP, e.g. re-entrainment of ash from the 1912 Katmai
eruption in Alaska has been observed being transported ~250 km in to the Gulf of Alaska (Hadley
et al., 2004). Coastal waters tend to have high levels of PP, as indicated by high Chl values around
the NPO coast (Chapter 5; Fig. 12b). They are not usually nutrient-limited, as a result of fluvial
nutrient input (Chapter 5; Fig. 12b). Thus PP in coastal waters are an additional source of MSA
transported to ice cores which is not related to dust-Fe fertilisation, although dust can fertilise
coastal waters (e.g. Shaw et al., 2008).
A number of factors can influence how phytoplankton responds to dust fertilisation. In the
Southern Ocean, light (Pollard et al., 2009; Venables et al., 2007) and sea ice cover (Gabric et al.,
2005) have been suggested as the major limiting factors influencing PP. Similarly, changes in the
mixed layer depth during summer influences concentrations of macro and micronutrients in the
upper ocean (Evans et al., 2014), as well as changing light penetration (de Baar et al., 2005).
Despite the seasonality being a control on dust-Fe and MSA concentrations in the SAO, i.e.
remotely sensed Chl concentrations correlated with SST (r = 0.64, p <0.001, n = 112) and
Photosynthetically Available Radiation (PAR) (albeit to a lesser degree; r = 0.56, p <0.001, n =
112), for the period represented by the SGC, dust flux, oceanic Chl and MSA production cannot
be explained by seasonal variables alone. In the SGC periods of enhanced MSA deposition occur
in association with dust-Fe flux spikes outside of the summer months (at 1.14, 1.55, 2 and 5.6 m
depth) (Chapter 5; Fig. 9). The most obvious spike appears linked to a dust plume and associated
enhanced oceanic PP event that occurred between 16-21/08/2015 (Chapter 5; Fig. 11). This
would suggest that while seasonal factors, like SST and light, create generally more favourable
conditions for Phytoplankton blooms to occur, episodic nutrient inputs can result in more
pronounced PP events at other times. However, it is also possible high winds, such as those
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associated with dust transport, could further magnify the impact of aeolian-Fe fertilization
through inducing ocean surface mixing and increasing micro-nutrient availability in some cases
(Meskhidze et al., 2007).
The production/emission of DMS, the precursor to MSA, is likely to vary across dust-Fe
fertilisation events, further complicating the ability to quantify the dust-Fe - MSA relationship in
ice cores. Dimethylsulphoniopropionate (DMSP) concentrations (from which DMS degrades;
(Bopp et al., 2008), vary between phytoplankton species (Keller, 1989). Thus DMS emissions are
affected by species composition. Artificial Fe-enrichment experiments indicate peak DMS
concentrations occur as DMSP declines, due to grazing by ciliates and bacterial activity (Gall et
al., 2001; Turner et al., 2004). However, other studies found a simultaneous decline in DMSP
and DMS (Levasseur et al., 2006), suggesting the relationship between degradation of DMSP
phytoplankton and DMS production is not the same in all scenarios. Furthermore, continuous
Fe supply has been suggested to reduce DMS concentrations in some cases, as such conditions
do not favour the main DMSP producing phytoplankton species (Bopp et al., 2008). The
implications of this are that a steady supply of Fe to HNLC regions, more typical of oceanic
advective processes, may trigger a lesser DMS – MSA response than the more episodic Fe inputs
from mineral dust events.
Furthermore, complexity in MSA deposition in some situations, such as in the MLC is not
unexpected, as existing records of MSA and biogenic Sulphur deposition in Antarctic ice cores
over glacial/interglacial cycles have proved difficult to interpret (Saltzman et al., 2006). For
example, MSA at Siple Dome (Saltzman et al., 2006) increased into the Holocene and has
remained high throughout the Holocene epoch, whereas by contrast, MSA and non-sea-salt
SO$%
# (biogenic S) in the Vostok (Legrand et al., 1991; Legrand and Mayewski, 1997) and Dome
C (Wolff et al., 2006) ice cores show maxima at 13-17 ka, before decreasing into the Holocene.
These dissimilarities could be due to the respective core sites’ distance from the coast/sea-ice
edge and associated differences in MSA source areas and/or airmass trajectories, i.e., Siple
Dome is <500 km from coast/sea ice edge, while Dome C is around 1000 km, and Vostok even
further inland.
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